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ABSTRACT 
 
Photosynthesis and respiration are key energetic transductions. Both processes involve 
downhill electron transfers within transmembrane protein complexes. Here, I have examined 
different physical aspects of photosynthetic and respiratory electron transfer.  
For the photosynthesis section, I have carried out a detailed picosecond spectral and 
kinetics study (Chapter 4) on the electron transfers in the LM dimer of the reaction center from 
Rhodobacter sphaeroides. Compared to the intact reaction center with the H subunit, the LM dimer 
has similar electron transfer kinetics except for the forward electron transfer from HA
- 
(bacteriopheophytin in the A branch) to QA (ubiquinone in the A branch) and back electron transfer 
from QA
- to P+ (special pair of bacteriochlorophyll). Both electron transfers slows down by about 
4 fold at room temperature.  
I have also examined the reactivity of the semiquinones in the LM dimer (Chapter 2). In 
accordance with previous reports, both semiquinones are less stable compared to their counterparts 
in the intact reaction center. Particularly, I have found that the oxidation of the QA
- by the 
ferricyanide approaches diffusion limit at pH 5. Also, the QB
- semiquinone can be oxidized by 
oxygen which explains the very slow phase observed in the back reaction of the LM dimer when 
excess amount of ubiquinone-10 is present.  
To determine what kind of structural changes are responsible for the changes in electron 
transfer kinetics involving QA, the interactions between the QA
- and the protein matrix in the LM 
dimer have been characterized with pulsed electron paramagnetic resonance (EPR, Chapter 3). 
Both nitrogen data and hydrogen data are consistent with elongated hydrogen bonds to the 
semiquinone. The binding conformation of QA
- is heterogeneous in the LM dimer, with more 
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flexibility on the O1 carbonyl side. The selective labeling of methoxy and methyl with 13C shows 
that the dihedral angles of methoxy substituents on the semiquinone ring are no longer fixed in the 
LM dimer, in accordance with the loosened semiquinone binding pocket. 
For the respiration section, the semiquinone pocket in the bo3 oxidase from Escherichia 
coli is examined with pulsed EPR (Chapter 5). To get a clear picture of the hydrogen bonded 
protons, I have fully deuterated the enzyme and successfully generated the semiquinone signal, 
with which the Davies ENDOR are carried out at Q-band (35 GHz). The higher frequency allows 
selective excitation of different orientations of semiquinone with respect to the external magnetic 
field. Our simulations on the ENDOR spectra reveal the Euler angles needed to transform the 
semiquinone g tensor to the proton hyperfine coupling tensor. It turns out the strongest coupled 
proton is almost perpendicular to the semiquinone plane, which supports the semiquinone being 
anionic. Molecular dynamics and density function theory calculations have also being carried out 
to provide a realistic model of semiquinone in bo3 oxidase. 
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Chapter 1. Introduction to bacterial photosynthesis and respiration, 
quinone properties and magnetic resonance spectroscopy 
Life is a highly ordered machinery with two purposes: survival and reproduction. Both processes involve 
little entropy increase in the machinery itself and yet happen spontaneously. To reconcile this apparent 
conflict, the second law of thermodynamics requires living organisms to be open systems and take in energy. 
The energy can be either light in the case of photosynthesis, or chemical in the case of respiration. Despite 
this major distinction, photosynthesis and respiration have quite a few things in common. First, the net 
effect of both processes is the generation of transmembrane proton gradient which is used by ATP synthase 
and membrane transporter; second, both are carried out in transmembrane proteins by coupling the 
unfavorable proton movement with a favorable electron transfer within the membrane (photosynthesis here 
doesn’t include the phototropic proton pumping by bacteriorhodopsin); both processes have variations in 
structure (protein scaffold, complexity, etc.) and function (color of light, substrate identity, etc.) throughout 
different organisms and it is often true that Eukaryotes have larger protein complexes and more 
sophisticated regulation mechanisms. Here in my thesis, I would like to focus on photosynthesis from 
Rhodobacter sphaeroides (Rb. sphaeroides) and aerobic respiration from Escherichia coli (E. coli). But 
before jumping into these subjects, let me start with a brief introduction about quantification of energy used 
for photosynthesis and respiration. 
1.1 Quantification of energy and redox potential 
The first law of thermodynamics states energy can be transformed from one form to another, but it cannot 
be created or destroyed. It would thus be great that all energy is measured and quoted in the same manner. 
However, that is not the case in reality due to practical reasons. In the field of photosynthesis and respiration, 
people speak of energy in terms of middle-point “redox” potential (actually always in the direction of 
reduction) because the key steps involved are electron transfers and just like electrons flow to a higher 
potential in an actual electric circuit, they do the same thing within protein complex. In fact, the potential 
difference (ΔE) of any two redox pair is related to the free energy (ΔG) of electron transfer between them 
(equation 1.1, F is the Faraday constant, n is the number of electrons being transferred) 
∆𝐺 =  −𝑛𝐹∆𝐸  (Eq. 1.1) 
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But why prefixing “middle-point” to potentials in biochemistry? This is a complicated question, a quick 
answer is that actual potential of a redox pair depends on the ratio between the oxidized and reduced form, 
just like the actual “instantaneous” free energy change of a reaction depends on the actual “instantaneous” 
concentrations of reactants and products and varies along the progression of the reaction. Quoting middle-
point potentials removes that level of complexity by specifying the amount of oxidized form is the same as 
that of the reduced form, which makes it possible to quickly compare different redox pairs.  
Redox pair Source # of e- Middle-point redox 
potential 
UQ/UQ- QA of reaction center in  
Rb. sphaeroides 
1 -45 mV1 (pH 7) 
UQ/UQH2 QH of bo3 quinol oxidase from  
E. coli 
2 0 mV2 (pH 8) 
P+/P Special pair of bacteriochlorophyll in 
reaction center of Rb. sphaeroides 
1 +500 mV3  
cyt c23+/ 
cyt c22+ 
One-electron carrier from 
 Rb. sphaeroides 
1 + 340 mV4 
heme o3+/ 
heme o2+ 
bo3 quinol oxidase from E. coli 1 + 270 mV5 (pH 8) 
heme bH3+/ 
heme bH2+ 
bc1complex from Rb. sphaeroides 1 + 50 mV4 
O2/2H2O bo3 quinol oxidase from E. coli 4 +810 mV (pH 7) 
 
Table 1.1. Representative middle-point redox potentials of cofactors from bacterial photosynthesis and respiration.  
 
Most relevant redox potentials in photosynthesis and respiration belong to cofactors, except for some 
tyrosine residues at the “hotspots”. However, the protein matrix surrounding the cofactor is more than a 
merely place holder, it usually tunes the cofactor’s middle-point redox potential and regulates the direction 
and kinetics of electron transfer. For instance, both primary quinone pocket (QA) and secondary quinone 
pocket (QB) in the reaction center of Rb. sphaeroides has a ubiquinone-10 (the tail contains 10 isoprene 
units) bound, yet due to the difference in the binding pockets, the middle-point potential of QB is 60 mV 
higher than QA and almost 100% of electron would transfer from QA
- to QB.  
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1.2 Photosynthetic electron transport chain in Rb.sphaeroides 
Rb. sphaeroides belongs to alphaproteobacteria. It is very metabolically versatile. Depending on the 
availability of light, oxygen and organic substrates, it can be photoautotrophic, photo-heterotrophic or 
chemoheterotrophic.6 The photosynthetic apparatus is only expressed when the oxygen level is low.7 Under 
this condition, the cell develops invaginated membrane vesicles harboring bacterial photosynthetic reaction 
center and bc1 complex, which work in a cyclic fashion (Figure 1.1). It is quite clear that for every 1 quinone 
reduced by reaction center, 2 net positive charges are moved from cytoplasm to periplasm and for every 1 
net (both quinone oxidation (QO site) and reduction (QI site) happen simultaneously in bc1, often referred 
as Q-cycle) quinone oxidized by bc1 complex, 2 net positive charges are moved from cytoplasm to 
periplasm.   
 
Figure 1.1. Photosynthetic electron transport chain in Rb.sphaeroides. The grey rectangle box represents the lipid 
bilayer. P stands for special pair of bacteriochlorophyll, B stands for bacteriochlorophyll monomer, H stands for 
bacteriopheophytin, Q stands for ubiquinone, FeS stands for Rieske iron-sulfur cluster, c1 stands for cytochrome c1, 
bL stands for heme bL, bH stands for heme bH. The number of ubiquinone and cytochrome c2 are balanced so that the 
net effect from the operation of both complexes is 4 vectorial proton translocation from cytoplasm to periplasm.  
1.3 Respiratory electron transport chain in E. coli  
E. coli is a member of gammaproteobacteria. Unlike Rb. sphaeroides, it can only be chemoheterotrophic. 
It is commonly found in animals’ gut and its major means to spread to new hosts is via fecal-oral 
transmission. This life cycle pattern probably contributes significantly to E. coli to be a facultative anaerobe. 
Under anaerobic conditions, depending on the availability of substrates, the respiratory electron transport 
chain can vary significantly. But the general scheme is that some specific dehydrogenases (formate, NADH, 
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Glycerol-3-phosphate, lactate, H2, etc.) produce reduced menaquinol, which is then oxidized and recycled 
by another specific terminal reductases (nitrate, nitrite, DMSO, etc.).  
 
Figure 1.2. Respiratory electron transport chain in E. coli when oxygen tension is high. For simplicity, the succinate 
dehydrogenase which doesn’t move protons across membrane is omitted here. The grey rectangle box represents the 
lipid bilayer. NAD stands for nicotinamide adenine dinucleotide, FMN stands for flavin mononucleotide, FeS stands 
for iron-sulfur cluster (note there are actually a few clusters in NDH-1), FAD stands for flavin adenine dinucleotide, 
Q stands for ubiquinone, b stands for heme b, o3 stand for heme o3, O2 stands for oxygen, Cu stands for the copper, 
together with heme o3, they form the bi-nuclear center when oxygen binds.  
 
In the aerobic conditions, the possibilities are reduced because oxygen would undoubtedly serves as the 
terminal electron acceptor. Depending on the aeration, the terminal oxidase could be either bo3 quinol:O2 
oxidoredutase (high oxygen tension) or bd quinol:O2 oxidoreducatase (low oxygen tension). However, in 
contrast to its mitochondrial counterpart, its aerobic electron transfer chain lacks quinol:cytochrome 
oxidoreductase (bc1 complex) and the one-electron carrier cytochrome c. Because I work mostly with bo3, 
figure 1.2 shows the respiratory electron transport chain in E. coli when oxygen supply is plenty. Both 
NDH-1 (NADH dehydrogenase-I) and bo3 quinol oxidase move protons from cytoplasm to periplasm. In 
the case of bo3 oxidase, during the oxidation of every 2 quinol molecules, 4 protons are being pumped and 
4 protons are moved across the membrane chemically. 
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Figure 1.3. Illustrations of cofactors arrangement in photosynthetic reaction center from Rb. sphaeroides 
 
1.4 Structure of photosynthetic reaction center from Rb. sphaeroides 
Photosynthetic reaction center from Rb. sphaeroides has three subunits: H subunit, M subunit and L subunit, 
which literally mean heavy, middle and light bands from a SDS-PAGE gel. However, later it has been found 
that M subunit actually has the largest molecular weight. The anomaly of H subunit is due to its relatively 
low percentage of hydrophobic residues (1 transmembrane helix vs 5 transmembrane helices in L and M 
subunit), which bind SDS more favorably. The crystal structure of photosynthetic reaction center from Rb. 
sphaeroides was solved briefly8 after its close relative from Blastochloris viridis, which is solved by Johann 
Deisenhofer and his collaborators as the first high resolution membrane protein structure. 
As is shown in figure 1.3, there are nine cofactors, including a special pair of bacteriochlorophyll, two 
bacteriochlorophyll monomers, two bacteriopheophytins, two ubiquiones and a non-heme ferrous iron, 
arranged in a two-fold pseudo-symmetry. However, only the A branch is active for the flash induced 
electron transfer. The main purpose to use a diagram rather than a crystal structure is to highlight two 
structural features: i) the “cross-over” of quinone bindings, the A branch bacteriopheophytin is bound in 
the L subunit while QA is bound in the M subunit; ii) the globular part of H subunit is tilted towards the L 
subunit while its transmembrane helix has more contacts with the M subunit. 
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Figure 1.4. Crystal structure of bo3 quinol oxidase from E. coli (PDB 1FFT). Some helices are chopped with the “near 
clip” feature of VMD to give a better view of the cofactors. 
 
1.5 Structure of bo3 quinol oxidase from E. coli 
bo3 quinol oxidase from E. coli is a member of heme-copper superfamily, which includes two big groups 
of enzymes: heme-copper O2 reductase and heme-copper NO reductase. All heme-copper O2 reductase have 
a conserved catalytic motif: a six-ordinated low spin heme and a binuclear center consisting of a high spin 
heme and a copper ion named CuB. In cytochrome:O2 oxidoreductase, there is another copper ion named 
CuA located between the low spin heme and the bound donor cytochrome. However, the CuA is generally 
missing in the quinol:O2 oxidoreductase. In the case of bo3, which is shown in figure 1.4, the low spin heme 
is a heme b and the high spin heme is heme o, the subscript 3 dictates the O2 binds to the heme o. Note, the 
quinol is absent in the crystal structure, but the binding pocket has been pin-pointed by site-directly 
mutagenesis9 and pulsed electron paramagnetic resonance10,11 to a cluster of residues in subunit I, known 
as the high affinity pocket. 
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Figure 1.5. Redox chemistry for p-benzoquinone in water, values are taken from ref12 and further converted to 
biochemical standard (1 atm, concentration at 1 M, pH = 7). All the standard potentials listed are in the direction of 
reduction. Some species are represented in grey because thermodynamics disfavors their formation. Blue arrows and 
green arrows represent proton transfer and electron transfer respectively. In contrast, orange arrows mean concerted 
proton coupled electron transfer in which no intermediate could be detected. A special case of concerted proton 
coupled electron transfer is hydrogen atom transfer.  
 
1.6 Quinone redox chemistry 
Quinone plays a central role in the electron transport chain, as is shown from figures above. This is partly 
due to its localization in lipid bilayer, partly due to its ability to couple electron transfer with proton transfer, 
which is a key feature of photosynthetic/ respiratory electron transfer chains. The best illustration for 
quinone’s versatility is probably the full redox chemistry scheme for quinone (p-benzoquinone), shown in 
Figure 1.5. There are three main points I would like to make here: i) thermodynamics can deny certain 
reaction schemes, for example, it is unlikely that at pH 7, oxidized benzoquinone would be reduced via 
protonated (QH+) intermediate; ii) sometimes, it is not possible to distinguish which route is more 
kinetically competent from thermodynamics alone, saying from Q-. to QH2 at pH 7; iii) the kinetic landscape 
are shaped by the mechanisms of electron transfer and proton transfer, such as the matching between 
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reorganization energy and free energy of electron transfer, proton availability and the geometry between 
proton donor and acceptor. 
Protein, on the other hand, can modify quinone’s redox chemistry significantly. Take reaction center from 
Rb. sphaeroides for example. QA is deeply buried inside of the protein without proton delivery from the 
bulk solution, so protonation of quinone cannot happen; on the other hand, protein matrix has a much 
smaller dielectric constant than water, which makes the free energy of Q2- exceedingly high. As a result, 
QA only functions as a Q
-./Q redox pair. In contrast, QB is connected to the cytoplasm via a proton delivery 
pathway and can be fully reduced by two sequential electron transfer. Using the notation from Figure 1.3, 
the dominant route of reduction is QB   QB-.  QBH.  QBH-  QBH2. More detailed reaction scheme 
can be found in previous papers13,14.  
In order to get a detailed understanding like what is described above, experimental measurements 
concerning thermodynamics and kinetics have to be made, which are introduced in sections below. More 
often than not, these measurements need to be corroborated with theoretical investigations such as 
electrostatics calculations and density function calculations to evaluate the energetics which are not 
attainable experimentally. One requirement for such calculations is the availability of structure information, 
which typically comes from crystal structures. Unfortunately, there are not very many solved structures 
with quinone bound other than photosynthetic reaction centers. In fact, there is no available quinol oxidase 
structure with quinol bound. When the quinol is replaced by a redox inert inhibitor counterpart, however, 
it is possible to resolve the ligand in quinol pocket. For example, in the mitochondrial bc1 structure
15, 
stigmatellin is bound in the QI site.  
1.7 Optical measurements for quinone 
To study the reactivity of quinone, one has to be able to monitor and determine the redox and protonation 
state of quinone. Optical absorbance is a widely used non-invasive method for such goal. To a first 
approximation, light absorption can be viewed as electronic transition between energy levels of the 
molecular orbitals (Figure 1.6). Such a transition mainly involves the promotion of one electron to a certain 
higher energy molecular orbital, which in return changes the electron distribution. Once the energy 
requirement is met, the probability of such transition (extinction coefficient) is determined by the integral 
of overlap of electron wave function before and after.16  
9 
 
 
Figure 1.6. Electron energy diagram for optical absorption. HOMO means highest occupied molecular orbital, LUMO 
means lowest occupied molecular orbital. Red dots represent electron with arrow indicating the direction of spin. 
Transitions to orbital of higher energy than LUMO are also possible. 
 
Quinone, being an aromatic compound, absorbs in the ultraviolet region. Upon full reduction, its absorption 
is greatly reduced. Of course, the actual absorption depends on the chemical identity of quinone. In my 
thesis, I mainly deal with ubiquinone, which has 2 methoxyl substitution at 2, 3 position, methyl substitution 
at 5 position and poly-isoprenyl tail at 6 position of a para-benzoquinone. Researchers usually use a 12 mM-
1 cm-1 extinction coefficient17 for the difference between oxidized UQ and reduced UQH2, which reduces 
interferences from other ultraviolet absorbing chemicals. Semiquinones, on the other hand, have quite 
different absorption profiles, which had been examined earlier with pulse radiolysis in methanol18. In the 
case of anionic ubi-semiquinone, it has peaks at 320 nm, 375 nm and 450 nm. Once protonated, its 
absorption changes drastically. The peak at 450 nm disappears in the protonated semiquinone, this feature 
has been used in several studies19–21 to identify the protonation state of semiquinone. As a summary and 
reference, the absorption spectra of quinone in different redox state in alcoholic solvents are shown in figure 
1.7. 
When quinone is bound to a protein, the protein matrix may interact differently with quinone from an 
aqueous solvent, which would cause shift in the absorption maxima of quinone. In addition, when another 
chromophore is located in the vicinity of quinone, quinone can have more optical features. In reaction center 
from Rb. sphaeroides, there is a bacteriopheophytin ~ 14 angstroms away from quinone (center to center). 
When there is a negative charge on the semiquinone QA, it would induce change in the absorption of nearby 
bacteriopheophytin. Both change in the Soret band22 and QY band
23 have been reported.  
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Figure 1.7. Absorption spectra for oxidized unprotonated ubiquinone (UQ), anionic semiquinone (UQ-.), mono-
protonated semiquinone (UQH.) and fully reduced double-protonated quinol (QH2) in alcoholic solvents. The data for 
UQ-. and UQH. are digitalized from previous published paper18 while that for UQ and UQH2 are taken with our 
laboratory Agilent UV-VIS station. UQH2 are produced with a generous addition of sodium borohydride powder to 
the ethanol solution of UQ until no further absorbance change.  
 
With the information above, one can not only identify the redox state of quinone, but also study the kinetics 
of chemical reactions of quinone by following the time resolved optical change. Most electron transfers 
involving quinones in the reaction center from Rb. sphaeroides have been studied by flash induced optical 
spectroscopy, which are described briefly below.  
1.7.1 Inter-quinone electron transfer  
There are two inter-quinone electron transfers in the photosynthetic reaction center. One is from QA
-. to QB 
(1st ET), forming QA and QB
-., the other is from QA
-. to QB
-. (2nd ET), producing QA and QBH2. The latter is 
more feasible to study with absorption spectroscopy because it involves disappearance of two semiquinones 
while the former one only involves electrochromic shift of the bacteriopheophytin nearby QA.  
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Upon light excitation, the special pair (P) initiate the electron transfer and very rapidly form the P+QA
-, 
whose detailed kinetics is examined in chapter 4, then the electron can be further transferred to QB. This 
electron transfer can be monitored at 397 nm (figure 1.8a). Within 10 second after the formation of P+QB
-, 
the reaction center can relax back to the group state, known as the back reaction, and is ready to be excited 
by another flash. On the other hand, external donors have to be present to study the 2nd ET. Because the 
oxidized special pair also contribute to change at 450 nm, the donor concentration need to be selected 
carefully to separate the 2nd ET from the reduction of P+ (figure 1.8b). The 1st ET has a life time around 150 
μs and is not very pH dependent when pH < 9. In contrast, the 2nd ET is significantly slower (0.5 ms) at pH 
7 and slows down about 10 times per pH unit when pH is above 7.5.  
 
Figure 1.8. a) Kinetic trace of electron transfer from QA-. to QB, b) kinetic trace of electron transfer from QA-. to QB-.. 
Panel a is an average of 40 traces while panel b is a single measurement. The buffer condition for a is 2.5 μM reaction 
center, 20 mM Tris, pH 8, 20 μM Q10, 0.02% Triton, the buffer condition for b is 1 μM  reaction center, 20 mM MOPS, 
pH 7, 20 uM Q10, 0,02% Triton, 4 μM ferrocene. 
1.7.2 Back reaction 
Back reaction is electron transfer from semiquinone to oxidized special pair. It is not a physiological process 
because within cell the oxidized special pair would get reduced by cytochrome c rapidly, nor a productive 
process because the free energy in the redox difference between Q- and P+ is converted to heat. However, 
it is a good tool to study the thermodynamics of inter-quinone electron transfer. 
12 
 
 
In the diagram above, kAP is the electron transfer from QA
- to P+, kBP is the electron transfer from QB
- to P+, 
kAB and kBA are the forward and the reverse inter-quinone electron transfer. Because kAB (10
4 s-1, from 
previous section) is much larger than kAP (< 10
3 s-1) and kBP (< 10 s
-1), one can assume there is an equilibrium 
between QA
- and QB
-. Using LAB to denote the equilibrium constant, the observed rate of back reaction kP 
can be expressed in the equation below: 
𝑘𝑃 =
1
1+𝐿𝐴𝐵
∗ 𝑘𝐴𝑃 +
𝐿𝐴𝐵
1+𝐿𝐴𝐵
∗ 𝑘𝐵𝑃  (Eq. 1.2) 
It had been found that kBP
24 (<0.1 s-1) is much smaller than kAP, thus the main route for back reaction is via 
kAP: 
𝑘𝑃 ≈
1
1+𝐿𝐴𝐵
∗ 𝑘𝐴𝑃 =
1
1+𝑒
∆𝐺𝐴𝐵
𝑅𝑇
∗ 𝑘𝐴𝑃 (Eq. 1.3) 
In addition to kP, which can be measured directly at 430 nm, kAP can be measured by adding inhibitor 
towards QB binding pocket. Alternatively, one can measure kAP first with QB extracted reaction center, then 
titrate Q10 back into the QB pocket and measure kP. Both methods are illustrated in Figure 1.9. With both 
rate constants determined, the middle-point redox potential between QA and QB can be calculated using 
equation 1.2. For the wide type reaction center near neutral pH, kP is around 1 s
-1, kAP is 11 s
-1, which 
translates into a 60 mV potential difference between QA and QB. 
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Figure 1.9. Back reaction of WT reaction center from Rb. sphaeroides. The top figure shows Q10 titration into QB 
extracted reaction center. The bottom figure shows terbutryn addition to reaction center, note that not all reaction 
center (~80%) has a functional QB bound. Experiments for both panels are done at pH 8. However, due to the Q10 
addition (solubilized in triton), the experiment for the top panel has triton (0.01%) as the dominate detergent while the 
experiment for the bottom panel only has minimal LDAO from protein stock.  
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1.8 Marcus theory about ET 
It would be odd to leave out the Marcus theory when we talk about electron transfer kinetics, considering 
the insights it has provided and the counter-intuitive yet glorious prediction of the “inverted effect of driving 
force”. However, a detailed treatment would be beyond the scope of this introduction chapter and has benn 
discussed elsewhere25. I believe the most suited way to present it here is to write down its mathematic form 
and explain what each parameter means.  
𝑘(𝐸𝑇) =
𝑉2
ħ2
√
𝜋
𝑘𝐵𝑇𝜆
exp [−
(∆𝐺+𝜆)2
4𝜆𝑘𝐵𝑇
]  (Eq. 1.4) 
The equation above is the Marcus-Levich-Dogonadze expression for ET kinetics. V is the electronic 
coupling factor which decays exponentially with the distance between electron donor and electron 
acceptor.26 ħ is the reduced Planck constant, kB is the Boltzmann constant, T is the temperature. ∆G is the 
driving force for the electron transfer, which usually is expressed as the difference in middle-point potential 
between donor and acceptor. λ is the called the reorganization energy, which is the energy required to distort 
the nuclear configuration of the product to the geometry of the reactant. Marcus theory provide the 
necessary parameters and frame work to account for various electron transfer kinetic behavior. To better 
appreciate its application, I would introduce you to the website (http://webpcet.scs.uiuc.edu/main.html) 
developed by Dr. Hammes-Schiffer where you can evaluate the kinetics of a hypothetic electron transfer 
event (figure 1.10). 
 
Figure 1.10. Marcus’ two parabola scheme for electron transfer. ∆G = -3 kcal/mol, T = 300 K, λ = 20 kcal/mol, V = 
0.1 kcal/mol, k(ET) = 7.7 * 107 s-1. 
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1.9 Brief introduction of magnetic resonance  
Another non-invasive technique widely used to study quinone properties is magnetic resonance. Here I 
would like to present some simple principles underlying this technique. As we all know, macroscopic 
magnetic bars will align with external magnetic field. This phenomenon can be either explained as a 
minimization of energy or as a searching for orientation in which the torque exerted on the magnetic bar is 
zero. Microscopically, unpaired electron and lots nucleus possess quantized angular momentum which can 
be pictured classically as rotation of these particles. Since both electron and nucleus are charged, the 
“rotations” render them as small magnetic bars, with magnetic moments always collinear with their angular 
momentum. Without an external magnetic field, these magnets points all directions in space randomly. 
However, when there is a magnetic field, similar to a spinning top, these magnets process with a frequency 
in proportion to the applied magnetic field (Figure 1.11), known as the Larmor frequency. It has been latter 
discovered that the angular momentum component (IZ) along the direction of magnetic field (often referred 
as the Z direction) is quantized. In simple language, that means the θ angle in figure 1.10 can only take 
certain discrete values. For a spin = ½ species like unpaired electron or proton, there are only two possible 
values for θ, 54.7° or 125.3°. Generally, there are (2s+1) possible states for a particle with a spin s in a 
magnetic field and these states are different in energy (Figure 1.12). 
 
Figure 1.11. Precession of a particle with a magnetic moment µ the same direction as its angular momentum I, the 
ratio between the magnetic moment and the angular momentum is called gyromagnetic ratio γ. The short derivation 
on the left intends to show two points: i) Larmor frequency is linearly correlated with magnetic field strength; ii) 
Larmor frequency is also determined by the ratio between magnetic moment and angular momentum of the particle.  
 
Similar to the classical magnetic potential of a bar magnet, the expression for the energy of electron/nucleus 
in magnetic field is the negation of the dot product between the magnetic moment and magnetic field. As 
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is illustrated in Figure 1.12, the splitting in energy for a spin = ½ species is 2μZBo, with µZ being the 
magnitude of the magnetic moment along the magnetic field Bo. As is mentioned earlier, magnetic moment 
is related to the angular momentum by a scaler number called gyromagnetic ratio γ, thus we can rewrite the 
energy term in the following equation: 
∆𝐸 = 2 ∗ 𝜇𝑍 ∗ 𝐵𝑜 = 2 ∗ 𝛾 ∗
1
2⁄ ∗  ħ ∗ 𝐵𝑜 = ℎ
𝐵𝑜𝛾
2𝜋
   (Eq. 1.5) 
This splitting in energy will cause a population difference between the spin down (pointing against the 
magnetic field) and the spin up, described by Boltzmann distribution. When there is an electromagnetic 
wave satisfying this energy requirement, there could be a net absorption of the electromagnetic wave due 
to the population difference. Another way to think about this resonance process is to use the torque concept: 
because the particle is rotating rapidly at its Larmor frequency in the magnetic field, the magnetic 
component of the electromagnetic wave needs to rotate at the same frequency to exert an effective torque. 
There are more energy levels for higher spin nucleus, but the logic is the same.  
Figure 1.12. Energy level of a spin = ½ particle with a magnetic moment µ the same direction as its angular momentum 
I in a magnetic field. The sign of spin (ms) is positive when it aligns with the magnetic field. Note, the energy is 
determined by direction of the magnetic momentum rather than the angular momentum. In the case of electron, whose 
magnetic moment is opposite to the angular momentum, the higher energy species has a ms = +1/2.  
 
The above description only considers an isolated unpaired electron or nucleus with non-zero spin. Such 
scenarios are too simplified to be real. Quite often, there are nucleus with non-zero spin surrounding an 
unpaired electron or other nucleus near the nucleus of interest, which would complicate the analysis. 
However, it is the complication that gives us the important information about inter-nucleus angles and 
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distances. Conceptually, one can get a quick and rough estimation about these interactions by evaluating 
the magnetic field produced by these microscopic particles, which in essence is magnetic dipole-dipole 
interaction, a subcategory of hyperfine interaction. Table 1.2 list several hypothetical examples calculated 
using formula and numbers listed in the Wikipedia. As you can see, unpaired electron can produce a 
significant magnetic field even at a moderate distance. What’s more, this magnetic field not only varies 
with distance but also depends on the direction with respect to the magnetic moment. 
 e- (0*) 1H (0) 15N (0) e- (45) e- (90) 
2 Å 2300 Gauss 3.5 Gauss 0.4 Gauss 1800 Gauss 1150 Gauss 
4 Å 290 Gauss 0.4 Gauss 0.04 Gauss 230 Gauss 140 Gauss 
10 Å 18 Gauss 0.03 Gauss 0.003 Gauss 14 Gauss 9 Gauss 
Table 1.2. Magnetic field strength produced by unpaired electron or nucleus at certain distances. Here only the 
magnitudes of magnetic field are listed. Be aware that the direction of magnetic field will also change along with the 
angle in parenthesis. *: this number is the angle between the magnetic dipole and the vector starting from the point 
dipole to the location of interest. 
 
In addition to the hyperfine interactions, there are other types of interactions which can modulate the energy 
levels, including nuclear electric quadrupole and the magnetic dipole of paired electrons induced by the 
magnetic field. I will discuss these in later chapters. The main idea of this section is that transitions observed 
in magnetic resonance (both NMR and EPR) are reflections of the underlying energy level diagram, which 
in turn, tells us about the nuclear geometry and electronic structure. 
From a technical point view, there are basic two ways to detect transitions: one is to use a strong wide-
bandwidth electromagnetic wave pulse to excite all transitions and then detect all the different Larmor 
precessions during the relaxation, then this time dependent relaxation is translated into frequency domain 
using Fourier transform (FT); the other is to use a constant electromagnetic wave as the measuring beam 
and record its absorption in a continuously varying magnetic field. The relation between these two methods 
is similar to the situation below: to determine whether a guitar is tuned, one can either strike all 6 keys in 
the piano and look at the resonances from all 6 strings or hit the note one by one. Nowadays, most NMR is 
carried in the FT approach because it significantly decreases the acquisition time. On the other hand, for 
practical reasons (insufficient microwave bandwidth, quick relaxation of EPR transition), FT methods and 
continuous wave (CW) techniques still coexist and complement each other in the field of EPR. 
1.9.1 Solution nuclear magnetic resonance spectrum of ubiquinone  
Solution NMR is very widely used technique to study small compounds and their interactions with 
macromolecules. Small compounds tumble fast in solution, which averages out a lot dipolar interactions 
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and the result in very sharp peaks in the spectra. The most extensively studied nucleus in NMR is proton 
(spin=1/2), largely due to its abundance and strong nuclear magnetic moment. The proton NMR spectrum 
of ubiquinone-1 is shown below (Figure 1.13). The energy gap for transition is expressed in ppm rather 
than in Hz. Ppm expresses the part per million change with respect to a reference type of proton, usually 
the proton from tetramethylsilane. For example, here the methoxy protons precess at 750,002,985 Hz, which 
is 2985 Hz or 4 ppm higher than the 750,000,000 Hz reference. As you can see, here ppm is much more 
convenient here than directly quoting the frequency.  
 
Figure 1.13. Solution NMR spectrum of 500 µM ubiquinone-1 in D2O measured with the Varian 750 NB NMR 
spectrometer in NMR facility at UIUC.  The spectrum is referenced with the methyl proton peak from DMSO-d6 in 
D2O at 2.71 ppm. The region from 3.4 to 3.9 ppm is left out to avoid the proton peaks from Tris buffer in the sample. 
The insert shows the assignment of peaks to different protons from the ubiquinone-1 molecule. 
 
It is clear from the spectrum is that the ppm of a proton depends strongly on its immediate bonding 
environment, such as the hybridization type and the neighboring nucleus. This is because in a typical 
solution NMR experiment, we are measuring the isotropic shielding effect on the nucleus from the 
surrounding paired electrons. Paired electrons don’t possess permanent magnetic moment, but in an external 
magnetic field they can be induced and effectively decrease the magnetic field strength experienced by the 
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nucleus. Another feature shown in the spectrum is the splitting in peaks, for example, the methylene protons 
are a doublet and the the methine proton is a triplet. These splits are caused by J-coupling mediated by 
polarizations of bonding electrons in the molecule, which is also isotropic with respect to the magnetic field. 
To get a quick idea about the strength of the interaction, take methine proton for example, the splitting is 
0.01 ppm, which translates into 7.5 Hz or a 0.0017 Gauss shield on top of the 17 Tesla magnetic field. So 
NMR is a very precise measurement despite of its poor sensitivity.  
1.9.2 Continuous Wave electron magnetic resonance spectra of semiquinone 
Unlike NMR, there is not so many compounds containing unpaired electron. This limits the applicability 
of EPR, but on the other hand, makes EPR a very selective experimental method. CW EPR is still 
indispensable to study transition metal containing compounds and proteins due to their g value anisotropy 
and the resultant wide spread of energy requirement for magnetic transitions. Semiquinone, being an 
organic radical, has a g value similar to that of a free electron and a very small g value anisotropy. This 
means a very narrow magnetic field sweep is sufficient to measure the semiquinone EPR spectra. Due to 
its instability, semiquinone is often measured under liquid nitrogen temperature. This means we observe 
the ensemble of all different orientations of semiquinone rather than the average orientation in this case. 
Due to the g value anisotropy and the hyperfine couplings from nucleus, at X-band (microwave frequency 
~9.3 GHz) the CW EPR spectra of semiquinone is on the order of 10 Gauss wide. Figure 1.14 shows 
comparison of CW EPR spectra of ubi-semiquinone under different conditions. The spectra are displayed 
in the first derivative mode of absorption because i) the signal is acquired in this mode; ii) the derivative 
mode shows more spectral features. As is shown, their resonances happen at roughly the same magnetic 
field strength. However, besides the g value, there are not too much information one can get out from the 
spectra. The only parameter left is the linewidth of the peak, which is affected by all interactions felt by the 
unpaired electron. Another interesting feature in the semiquinone CW spectra is the methyl proton coupling 
which is conspicuous in the spectrum of 12C semiquinone in bo3. In contrast, the methyl proton coupling is 
4 MHz rather than 10 MHz in the LM dimer, and such feature is not observed. Be aware that this feature is 
also lost when the methyl and methoxyl carbons of ubiquinone are labelled with 13C. To wrap it up, in the 
case of semiquinone, CW EPR is a great detection tool. However, if one wants to learn about the binding 
pocket of semiquinone, it can only provide a global yet murky picture.  
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Figure 1.14. Comparisons of X-band CW EPR spectrum of ubi-semiquinone. All spectra are acquired at liquid 
nitrogen temperature. The microwave frequency is 9.29 GHz, the microwave power is 0.2 mW, the modulation 
amplitude is 2 Gauss. LM dimer is the core dimer of the bacterial photosynthetic reaction center from Rb. sphaeroides.  
1.9.3  Pulsed electron magnetic resonance spectra of semiquinone 
There are mainly two types of pulsed EPR techniques: Electron Spin Echo Envelop Modulation (ESEEM) 
and Electron Nuclear Double Resonance (ENDOR). Unlike the CW EPR experiments, it can give very 
specific parameters such as hyperfine coupling (hfi) or nuclear qradrupole coupling that are directly 
correlated with inter-nucleus geometry. The nice thing about pulsed EPR is that both the spin system and 
operations (pulsed microwave, relaxation in external magnetic field) can be practically described with 
quantum mechanics. In other words, if the system is known completely, then the spectra of a certain pulsed 
EPR experiment can be produced in silico. At the same time, explanations about pulsed EPR are usually 
mathematically intense and hard to grasp. Here, I would like to provide some of the logics underlying the 
pulsed EPR.  
As is shown earlier, nucleus are very weak magnetic bars, even at very small distances, the magnetic field 
they generated are very small. On the other hand, the magnetic field generated by the electron on the nucleus 
is substantial and sometimes comparable to the applied external magnetic field. Besides, electron precesses 
much faster than nucleus, thus the nucleus simply feel a fixed time-averaged magnetic field from the 
electron. The net result is that it is much more feasible to detect the hyperfine interactions from nuclear 
magnetic transitions. I am going to tell you how this is achieved below. 
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Figure 1.15. Energy diagram for a system with one unpaired electron with one interacting I=1/2 nucleus. Normal α, 
β denote the sign of angular momentum for electron spin while bold α, β denote that for the nucleus spin. Note the 
gaps are exaggerated for the nuclear transitions. 
 
The energy diagram of a simple spin system with hyperfine interactions is shown in figure 1.15. There are 
two types of EPR transitions, allowed transitions with only the spin of electron flipped (a) and forbidden 
transitions with spin of both electron and nucleus flipped. Despite of the nomenclature, forbidden transitions 
does happen with lower probability (refer to Wikipedia selection rule). Part of the reason is that the energy 
for forbidden transitions are very similar to allowed transitions and can be satisfied by a non-selective 
microwave pulse.  
In ENDOR experiments, a selective radiofrequency (RF) pulse is applied to the sample to directly induce 
the NMR transitions, which could either equalize the population between αα and αβ or between βα and ββ 
in figure 1.15. That in turn, would cause intensity changes in the detected EPR transitions (electron spin 
echo). By varying the frequency of the RF pulse and carry out the same experiment over and over, nuclear 
transitions frequencies at both spin manifolds ωα and ωβ can be located. Figure 1.16 shows a figure 
digitalized from previously published data27, in which the ωα and ωβ for methyl protons can be easily 
identified. 
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Figure 1.16. Davies ENDOR of bo3 semiquinone in D2O. The only hyperfine coupled protons come from the 5-
methyl group on the quinone ring. ωH on the other hand comes from very weakly coupled protons from the protein 
matrix. 
 
In ESEEM experiments, there is no direct RF pulse to induce the NMR transitions.  However, due to the 
occurrence of forbidden transitions, NMR transitions happen effectively and cause nucleus to precess at 
either ωα or ωβ. These rotations in turn cause a small but periodic fluctuation of the magnetic field felt by 
the unpaired electron. Skipping the mathematics, the net results is that the intensity of the detected electron 
spin echo or namely the envelope is modulated by the NMR transitions (Figure 1.17). By applying a Fourier 
transform, ωα, ωβ and sometimes their combination frequencies can be revealed. The actual frequencies 
being observed, of cause, depend on the pulse sequence used. In a two pulse ESEEM experiment, ωα, ωβ, 
(ωα - ωβ) and (ωα + ωβ) are observed, while in a three pulse ESEEM experiment, (ωα - ωβ) and (ωα + ωβ) are 
absent, which simplifies the analysis, especially when there are multiple nucleus present. What is even 
better is that in a four pulse ESEEM (hyperfine sublevel correlation spectroscopy or simply HYSCORE) 
experiment, one can correlate ωα, ωβ arising from the same nucleus, which makes the peak assignment much 
easier. The pulse sequences for these different ESEEM are shown in figure 1.18. 
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Figure 1.17.  Time domain of 3 pulse ESEEM of the semiquinone from the LM dimer. Periodic modulations of the 
electron spin envelope from both nitrogens and protons can be spotted.  
 
It should be stressed that ESEEM and ENDOR usually give complementary information. ESEEM is good 
for nucleus with low Larmor frequencies like nitrogen while ENDOR works the best with nucleus with 
high Larmor frequencies such as proton. 
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Figure 1.18. Pulse sequences for 2 pulse, 3 pulse and HYSCORE (hyperfine sublevel correlation) EPR experiments. 
In the 2 pulse experiment, the time variable is τ; in the 3 pulse experiment, the time variable is T, in the HYSCORE 
experiment, the time variables are t1 and t2.  
 
  
 
 
 τ τ
 
 
 
 
 
 τ T τ
 
 
 
 
 
 τ t1 τ
 t2
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Chapter 2. Reactivity of semiquinones in the LM dimer 
2.1 Background 
Type II photosynthetic reaction centers, which use quinone as the terminal electron acceptor, so far have 
been found in the domains of Bacteria and Eukarya. Functionally, they can be divided into oxygenic 
photosystem II (PSII) and anoxygenic bacterial photosynthetic reaction center (bRC). The well-supported 
symbiosis theory is the current canonical explanation for the presence of photosynthesis in Eukarya. On the 
other hand, among the Bacteria domain, proteobacteria, filamentous anoxygenic phototroph and 
cyanobacteria (PSII) are the 3 known phyla harboring type II photosynthetic reaction centers. Till now, X-
ray crystal structures are only available from proteobacteria and cyanobacteria. All the structures are made 
as a heterodimer with a highly homologous 5-helix transmembrane motif, serving as the scaffold for all the 
cofactors involved in the intramolecular ET chain, the two subunits of the heterodimer are named as L and 
M for anoxygenic bRC, or D1 and D2 for the core of PSII. Additionally, most bRCs from proteobacteria, 
for example that of Rb. sphaeroides, the best characterized bRC, have a third subunit H, consisting of a 
single transmembrane helix and a globular domain. The globular domain caps the quinone acceptor side of 
the bRC asymmetrically while the transmembrane helix serves as an anchor to the cytoplasmic membrane. 
The role of this auxiliary H subunit has been examined from different perspectives. Strains of Rb. 
sphaeroides with H subunit knock-out are unable to grow photosynthetically1. Western blot experiments 
from Dr. Beatty's lab indicate that the H subunit helps the assembly of bRC by protecting L subunit from 
proteolysis2. In addition, site directed mutagenesis3 and crystallography4 have shown the H subunit to be 
involved in proton delivery to the secondary quinone for the reduction to quinol. Yet, proton transfer is 
most efficient in solution. Consequently it has been suggested by Dr. Wraight that the H subunit serves as 
a shield to protect the semiquinone anion from adventitious protonation. By doing this, however, it creates 
a proton delivery problem that must be solved by incorporating an efficient proton channel in itself. The 
most direct and extensive work on the H subunit was done by Debus5, who removes the H subunit 
chemically and carries out various comparisons between bRC and LM dimer. And it is concluded that 
without the H subunit, ET between QA
- and QB slowed down at least 300 times, but the underlying 
mechanism for the decrease in kinetics remained unknown. 
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2.2 Materials and Methods 
2.2.1 Materials 
Two different expression strains of Rb. sphaeroides were used in this study. One is a GA-derived strain 
(+KSS) developed in our lab, devoid of both light harvesting complexes (LHI and LHII) and the bRC 
subunits L and M; the other is a modified 2.4.1 strain ΔLHRC, also lacking both LH complexes and all 
three bRC subunits, L, M and H. It was a gift from Dr. Beatty's lab in University of British Columbia. 
Correspondingly, two different plasmids p415WT and pRS1 were used to complement the host strains for 
bRC expression. 
Strain Name Genomic Makeup Color 
R26H RC+LHI / (Carotenoid-) Blue 
GA RC+LHI+LHII / Carotenoid  Green 
+KSS (RC-) (LHI-) (LHII-) / Carotenoid Green 
6histag  (LHI-) (LHII-) / Carotenoid Green 
Boxer  RC+LHI+LHII / Carotenoid* Red 
ΔLHRC (RC-) (LHI-) (LHII-) / Carotenoid Red 
Table 2.1. Common strains of Rb. sphaeroides used in laboratory. Lines are used to group them based on their origins. 
Minus sign means lack of gene. * Strain Boxer has some variations in its carotenoid content compared to the parent 
wildtype strain 2.4.1. 
 
The transformation of plasmid into Rb. sphaeroides is done through conjugation. In a nutshell, the plasmid 
to be transformed is first introduced to E. coli strain S17, which has the RP4 plasmid encoding the 
relaxosome complex to initiate DNA transfer in conjugation incorporated in the chromosome. The 
transformed S17 is made to conjugate with the Rb. sphaeroides recipient cells through the spot-mating 
technique6 on a plain LB agar plate. The colonies are re-suspended in Sistrom medium and streaked out on 
a tetracycline-Sistrom plate to select for the successfully transformed Rb. sphaeroides cells. 
Transformed Rb. sphaeroides is grown in Sistrom medium, usually supplemented with yeast extract. First, 
colonies picked from the tetracycline-Sistrom plate are inoculated into 20 mL Sistrom medium with 1.5 
μg/mL tertracycline in a 100mL flask, and shaken at 250 RPM, at 32 ºC. Immediately when the growth 
reach the log phase, 2 mL of cells are transferred to 500mL Sistrom / 0.1% yeast extract with 1.5 ug/mL 
tertracycline in a 2L flask. When the growth reaches the late log phase, 1L of Sistrom / 0.6% yeast extract 
medium is added to the flask and the speed of shaking is gradually slowed down by 25 RPM per day to cut 
the supply of oxygen and induce bRC expression. Yeast extract are present in the medium (developed by 
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former lab member Eiji Takahashi) to accelerate the growth of Rb. sphaeroides. Growth is stopped when 
white precipitation accumulates in the flask (typically 3 days after the final addition of 1L medium). 
Buffer I Buffer II Buffer III 
100 mM NaCl 
10 mM TRIS 
0.5 mM EDTA 
0.045% LDAO 
4 mM Imidazole 
100 mM NaCl 
10 mM TRIS 
100 mM imidazole 
0.045% LDAO 
10 mM TRIS 
Table 2.2. Buffers composition used in bRC purification. The pH for all three buffers is 7.8. 
 
The purification of bRC follows the protocol developed earlier in our lab. Cells are first pelleted under 
centrifugation of 8000 g for 15 mins and resuspended in Buffer I. They are then broken using a chilled 
French press, and the unbroken cells and insoluble debris chunk are removed at 20,000 g for 20 mins. The 
supernatant is subjected to a further ultracentrifuge at 200,000 g for 1.5 hours to spin down the membrane 
fraction (chromatophores). The pellet is resuspended with Buffer I to an optical density of A875=10 or 
A800=1 depending whether LHI is present or not. Shortly after, 1% LDAO (N,N-Dimethyldodecylamine 
N-oxide) is added to the membrane suspension drop-wise in the dark while stirring. The treated membranes 
are then centrifuged for another hour at 200,000 g to precipitate un-solubilized membranes. The supernatant 
is diluted with 5 fold excess Buffer II and loaded onto a 20 mL Ni-NTA column at 1 mL/min under gravity. 
After loading, 500 mL of Buffer II is run at 2 mL/min to further wash off nonspecifically bound proteins. 
Finally, 50 mL of Buffer III is used to elute the bRC at 0.5 mL/min. Dialysis and centricon are used to 
exchange buffer and concentrate proteins, and the final bRC is stored at -80 ºC in 1.5 mL Eppendorf tubes. 
2.2.2 Mutagenesis in Rb. sphaeroides 
Mutagenesis is first carried out in the pUCLHRC plasmid7, which is based on the commonly used cloning 
vector pUC19 and has the puhA and puf operon integrated as a 5kb BamHI/EcoRI fragment. After verifying 
the mutation using DNA sequencing, the mutated fragment is transferred back to the pRK415 based plasmid 
(unlike pUC19-based plasmid, it can be maintained in Rb. sphaeroides and has the transfer origin sequence 
element required for conjugation) to make a mutated version of pRS1 through ligation. All the following 
procedures (conjugation, growth, purification) are the same as that for the WT pRS1 plasmid. 
2.2.3 Fe/LM dimer preparation  
LM dimer used for this chapter is prepared using the original method of Debus5. First, lithium perchlorate 
is used in combination with ethanol and calcium to precipitate H subunit. After treatment, the H subunit is 
removed as the pellet after centrifugation and LM dimer in the supernatant is dialyzed against 10mM Tris, 
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0.025% cholate and 1mM EDTA pH 8. This method yields LM dimer with a non-heme iron bound (~0.7 
iron per reaction center from ICP-MS metal analysis) and is referred as Fe/LM dimer. 
2.2.4 Instrumentation of flash induced microsecond optical spectroscopy 
Flash induced kinetic spectroscopy is done with a locally designed apparatus. The excitation light source is 
a 1.2 kV Xenon flash lamp with the trigger TTL signal generated from a LabJack U3-LV.The measuring 
beam is provided by a 12 V tungsten lamp coupled with a Bausch&Lomb monochrometer. After passing 
through the sample cell, the measuring beam is converted to electric voltage via a Hamamatsu 
photomultiplier. This voltage then is fed into a differential amplifier along with a constant1.5 V potential 
from an alkaline battery. The amplified signal is digitalized by a PicoScope (Model 4424) and stored in a 
computer. 
2.2.5 Sample conditions for flash induced microsecond optical spectroscopy 
20 mM Q10 in 10% Triton or 1.4 mM Q10 in 10% deoxycholate are used as the quinone stocks to 
reconstitute quinone in bRC and LM dimer. Occasionally 1.5 mM Q10 in 10% LDAO is used but Q10 is 
less stable in this detegent, especially above 60 °C and extra care is needed to handle this stock. The standard 
condition for flash spec experiments, unless stated otherwise, is 20 mM Tris pH 8 with 1~2 μM bRC/LM 
dimer. No additional detergent is added except that from the protein stock. pH titration is carried out with 
1mM Succinate, 1 mM MES, 1 mM MOPS, 1 mM Tris, 1 mM CAPS and 50 mM NaCl. 
2.2.6 Redox titration based on flash induced microsecond optical spectroscopy 
Redox titration is done with 1 μM protein, 12.5 μM pyrocyanin, 12.5 μM PES, 12.5 μM PMS, 12.5 μM 
TMPD. Dithionite is used in the reductive titration and ferricyanide is used in the oxidative titration. The 
redox potential of solution is monitored by a potentiostat (CH Instrument 602E), and the degree of oxidation 
of primary quinone is calculated from the initial charge separation amplitude in back reaction (The reverse 
direction of Eq. 2.1) at 430 nm, at which wavelength the absorption extinction coefficient difference 
between P+QA
- and PQA is largest: 
𝑃𝑄𝐴 ⇌ 𝑃
+𝑄𝐴
-      (Eq. 2.1) 
Back reaction is the relaxation process from the light activated charge separated state P+Q- to the ground 
state PQ (Q could be either the primary QA or the secondary QB). The kinetic decay of the charge separated 
state, which is easily identifiable by optical change, presents invaluable information about the ET chain, 
both thermodynamically and kinetically. 
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2.3 Results 
2.3.1 Back reaction of the LM dimer 
In accordance with the previous report from Debus, the back reactions of LM dimer, both Fe/LM dimer and 
Zn/LM dimer, are clearly biphasic. The fast phase has a life time ~380 ms in cholate (slower in DDM ~ 
450 ms) and is assigned to reflect the process from P+QA
- to PQA, given that this phase is conserved even 
when the LM dimer was prepared from bRC only with QA present. The 4 fold slowing effect compared to 
the whole bRC is not hard to understand as subtle changes in the redox potentials of P or QA and/or distance 
between primary quinone and bacteriochlorophyll can account for such difference.  
 
Figure 2.1. The amplitude of slow phase of the LM dimer back reaction increase with quinone addition. Similar effects 
have been observed with Q10 in Triton, Q10 in cholate and idebenone. 
 
In contrast, the slow phase is less obvious to interpret. The slow phase has a life time ~30 s, and was thought 
to reflect the back reaction process from P+QB
- to PQB, mainly due to the fact that this phase goes up with 
increasing concentration of Q10 (Figure 2.1). Quinone add in different detergent would give rise to different 
degree of slow phase. The largest slow phase is ~60% with 30 μM Q10 in 0.2% deoxycholate. Assuming a 
competition between forward electron transfer to QB and backward electron transfer to P
+, an estimation of 
electron transfer rate kAB from QA
- to QB ~5 s
-1  was made by assuming competition between the QA back 
reaction and forward ET to QB. This is about 2000 times slower than that in the whole bRC. This 
interpretation is self-consistent except that the huge slowing down effect is not readily explainable by minor 
changes in distance or redox potential properties of both quinones. For example, if the “QA-M219His-Fe-
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L190His-QB” motif is conserved in the LM dimer, then the inter-quinone distance is unlikely to be changed 
by more than 1 Å in LM dimer. And later pulsed EPR on the QA
- in the LM dimer (chapter 3) shows the 
structural change in the QA site is not big enough to account for a big inter-quinone distance change.  
 
2.3.2 L223SW LM dimer inhibited slow phase in the back reaction 
One concern about the above interpretation of the slow phase is whether the added quinone is in fact bound 
to the QB pocket at all. All the known QB inhibitors perform poorly with LM dimer and the assignment is 
not unambiguous, especially considering all the new surfaces exposed by removal of the H subunit. To 
address this issue, LM dimer from L223SW mutant, serving as a control to block QB binding, is made and 
characterized. The inspiration of this mutation comes from previous finding that an Ala to Trp mutation at 
M260 blocks the QA binding. The Serine at L223 is roughly the equivalent location at QB pocket. Mutation 
L223SW is made using the method described in the “Materials and Methods” section and the purified 
L223SW bRC exhibits excellent QB blocking as expected, even with 20 µM Q10 addition, there is no QB 
activity observed (Figure 2.2). Later, my collaborator Jeremy Schieferstein from Dr. Kenis group has 
managed to get a crystal structure of this mutant using microfluidic crystallography. The structure for the 
QB pocket is shown in Figure 2.3, clearly, the tryptophan leaves no room for quinone binding. 
 
Figure 2.2. Back reaction comparison between WT bRC and the L223SW bRC. The buffer is 20 mM Tris, pH 8. 
The only detergent present is the LDAO from the reaction center protein stock.  
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Figure 2.3. Crystal structure of L223SW mutant. The mesh shows the observed electron density. 
 
LM dimer of L223SW is prepared in the same way as for the WT Fe/LM dimer and their back reactions are 
examined side by side. Typically, with 28 μM Q10 present in deoxycholate at 25 °C, there is about 55% 
slow phase in WT LM dimer. In contrast, LM dimer of L223SW exhibits a much reduced slow phase at 
~20% (figure 2.4).  This supports the idea that the reaction causing the formation of slow phase is mainly 
achieved through the QB binding pocket. 
 Figure 
2.4. Back reaction kinetics of ~ 1 μM L223SW LM dimer in 20 mM Tris, pH 8 in comparison to the WT LM dimer. 
The quinone stock is 1.4 mM Q10 prepared in 10% sodium deoxycholate.  
2.3.3 QA- oxidation by Ferricyanide 
In the WT LM dimer, P+QA
- is formed within the first 0.3 ns after the excitation flash (chapter 4). Here, I 
would like to study the reactivity of QA
- in the LM dimer spectroscopically. Towards this goal, the isosbestic 
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point for (P+QA
- - PQA) has been determined to be 406 nm in the LM dimer (Figure 2.5). Each point in the 
figure represents a microsecond optical spectroscopy measurement on the WT Fe/LM dimer without 
quinone added. Due to the response time of instrument, the amplitude at 500 µs after the flash is used 
because it is later enough to ensure the instrument has fully responded and early enough to avoid other 
processes such as back reaction.   
 
Figure 2.5. Difference spectrum for (P+QA- - PQA) of ~ 3.5 µM WT LM dimer at pH 8. No quinone is added to the 
sample. 
 
The oxidation of QA
- by ferricyanide is measured at 406 nm. When potassium ferricyanide is present, there 
is a decay at this wavelength (figure 2.6), whose rate constant is linearly correlated with the concentration 
of ferricyanide (Table 2.3). Besides, semiquinone has a positive extinction coefficient at this wavelength 
and the amplitude of decay quantitatively agrees with the semiquinone concentration. The above features 
support the reaction is between QA
- and ferricyanide. It turns about ferricyanide oxidizes QA
- readily in LM 
dimer, and the reaction approaches the diffusion limit at low pH (Figure 2.7). In contrast, this oxidation is 
fairly slow with whole bRC from Rb. sphaeroides, with a second order rate constant about 4 * 105 M-1 s-1 
at pH 6. This finding is consistent with H subunit acting as a shield for the semiquinone. This high rate 
constant also supports using the LM dimer for electrode studies.  
 20 µM 
ferricyanide 
40 µM 
ferricyanide 
80 µM ferricyanide 
Without Q10 44 ms 19 ms 10 ms 
With 28 µM Q10 in dexoycholate 60 ms 34 ms 19 ms 
Table 2.3. Life time of QA- of the LM dimer with different concentrations of ferricyanide present. 
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Figure 2.6. The kinetic trace of the oxidation of QA- in the LM dimer by ferricyanide. The buffer condition is 20 mM 
Tris, pH 8, 50 mM NaCl, 5 µM potassium ferricyanide, 250 µM potassium ferricyanide. There is about 1 µM LM 
dimer present without any Q10 added.  
 
Figure 2.7. pH dependence of the second rate constant between the QA- from the LM dimer and ferricyanide. The 
ionic strength of the buffer is 50 mM NaCl. 
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Due to the pH dependence, it seems there are electrostatics involved this reaction. Because the ferricyanide 
is negatively charged, while the net surface charge above the QA binding pocket can undergo a transition 
from positive to negative with an increasing pH and results in a slowed down reaction rate. To test this 
hypothesis, the salt dependence of this reaction is explored (Figure 2.8). The result validate this hypothesis, 
besides, it tells the pI of the relevant surface patch is around 8. 
For the LM dimer, the reaction with ferricyanide is slowed down by addition of cholate or deoxycholate 
(Table 2.3 and Figure 2.7), which is probably due to an electrostatic effect from the carboxyl group in this 
anionic detergent. 0.1% LDAO has negligible effect on the kinetics of QA
- oxidation by ferricyanide, except 
to make the initial charge separation amplitude smaller, due to quinone partitioning into LDAO micelles 
and less QA bound prior to the flash. 
 
 
Figure 2.8. Salt dependence of the second rate constant between the QA- from the LM dimer and ferricyanide at 
different pHs.  
 
2.3.4 Difference spectrum comparison  
The slow phase in the back reaction of LM dimer is dependent on a functioning QB pocket, yet this doesn't 
necessarily mean the species representing the slow phase is P+QB
-. With 1 μM LM dimer and 28 μM Q10 
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in 0.2% deoxycholate, the slow phase reaches more than 50%. If the slow phase is indeed P+QB
-, then the 
shape of its spectrum should be reminiscent of P+QA
-. 
The difference spectrum of (P+-P) was captured using 200 μM ferricyanide to oxidize the QA
- and leave P+ 
behind, being slowly reduced by the 1 mM ferrocyanide present. The kinetics between these two processes 
are about 100 times different and hence are easily separable. What is recorded is the difference spectrum 
(P+-P) + (ferrocyanide – ferricyanide), the latter difference spectrum is easily produced by the Agilent 
spectrometer (Figure 2.9) and subtracted out. The difference spectrum for (P+QA
- - PQA) was recorded from 
the initial charge separation amplitude in the back reaction assay, and the difference spectrum for (P+QB
- - 
PQB) was based on the amplitude of slow phase of the LM dimer back reaction 2 seconds after the flash. 
These three spectra are normalized by the maximum and plotted together (Figure 2.10). To my surprise, the 
slow phase difference spectrum was similar to the P+ spectrum rather than that of P+QA
-. This means that 
the semiquinone was largely lost in the first two seconds after the flash, and the slow phase is P+, not P+QB
-. 
 
 
Figure 2.9. Difference spectrum of (ferricyanide – ferricyanide). 
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Figure 2.10. Difference spectra comparison of P+, P+QA- and the slow phase from the back reaction of the LM dimer. 
 
 
Figure 2.11. Difference spectrum for (QA- - QA) from the LM dimer, the line is connected with a spline function. The 
pH for these measurement is pH 7.8. 
 
Additionally, the difference spectrum for (QA
- - QA) was computed by taking the difference between (P
+QA
- 
- PQA) and (P
+ - P). No normalization is needed for this operation because the two samples used are of 
equal concentration of LM dimer. The figure below is the difference spectrum of semiquinone, which agrees 
very well with the difference spectrum taken in alkaline methanol8 (chapter 1). 
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At 430 nm, the (semiquinone – quinone) difference spectrum contributes ~ 20% of the initial change 
amplitude. This sets the upper-limit of the percentage of the slow phase amplitude to about 80% at this 
wavelength. 
2.3.5 Oxidation of semiquinone by oxygen 
The figures above suggest that, in addition to the P+QA
- back reaction, in which the semiquinone and P+ 
spectrum disappear together, there are additional pathways to oxidize semiquinone. It turned out that 
oxygen participates in this process.To prove this, duplicate samples with and without flushing with argon 
are made, with comparisons before and after argon blowing and re-equilibrated with air. As the figure below 
showed, the slow phase largely disappeared after 1 hour argon blowing and reappeared after re-equilibration 
with air for 1 hour, and there was little difference seen for the control sample, which was left open to the 
atmosphere at all time. The sample is stirred in the cuvette throughout the whole experiment to accelerate 
gas exchange. 
 
Figure 2.12. Back reaction of 4 μM LM dimer, 40 mM Tris, 56 μM Q10, 0.4% deoxycholate, pH 8. The black trace 
is the original sample, red trace is flushed with argon for 3 hours and the blue trace is re-equilibrated with air for 3 
hour in the dark 
Starting with the deoxygenated sample, the slow phase can also be promoted by injecting air-saturated 
buffer. Attempts to further increase the oxygen concentration by equilibrating 2 mL sample with about 20 
mL pure oxygen in an air-tight cuvette are made too, but with little effect on the amplitude of the slow 
phase, indicating either that there is a limited number of oxygen binding pockets in the protein or detergent 
micelle saturated at ambient oxygen concentration, or that the formation of QB
- becomes rate-limiting under 
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such circumstances. To conclude, we are certain that oxygen plays an important role to oxidize semiquinone 
QB
- because the slow phase is dependent on additional quinone, yet, quantitatively the kinetics parameters 
are hard to extrapolate unless multiple different levels of oxygens can be achieved for the LM dimer back 
reaction.   
2.3.6 LM dimer of the M265IS mutant 
The LM dimer of the M265IS mutant, possessing a decreased redox potential of QA
-/QA in the whole bRC
9, 
thereby facilitating first ET thermodynamically, exhibites similar yet quantitatively significantly different 
back reaction kinetics. In this mutant LM dimer, the P+QA
- back reaction is about twice as fast (~150 ms) 
as that of the WT LM dimer. This is as expected since a similar effect has been observed in the intact 
M265IS bRC. At 28 μM Q10 in deoxycholate, the slow phase amplitude is about 70% of the total amplitude 
(Figure 2.13). Since the maximum amplitude is expected to be ~80%, this implies that almost 90% of 
semiquinone is lost somewhere. Because this route is dependent on the QB functioning, one can infer that 
QA
- to QB ET would be about 10 times faster than the P
+QA
- back reaction, yielding an estimate of around 
15 ms. 
The estimation above is based on the assumption that the rate-limiting process of the semiquinone QB
- 
oxidation is the kinetic formation of QB
-, which is not necessarily true.  It could also be due to that the 
oxidation of semiquinone by oxygen is rate-limiting, in which case, the ET rate from QA
- to QB could be 
much faster than 15 ms. 
 
Figure 2.13. Back reaction of the LM dimer from M265IS mutant with different concentration of Q10 in deoxycholate, 
20 mM Tris, pH 8. 
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The first ET in bRC of M265IS is not accelerated with respect to the WT bRC and it is not unreasonable to 
think this relative effect could be conserved in the LM dimer. Under this scenario, the only way to explain 
the increase in the slow phase amplitude in LM dimer of M265IS is for ET from QA
- to QB to be at 
equilibrium at all times, rather than being rate-limiting during the back reaction. In this model, the actual 
oxidation of QB
- by oxygen can be represented as f*ko, in which f is the fraction of QB
- in the semiquinone 
pool and ko is the intrinsic rate of oxidation. ko should remain constant between the WT LM dimer and the 
M265IS LM dimer because the change caused by this mutation is mostly at QA pocket. This indicates that 
the M265IS LM dimer, with a ~10 times faster oxidation kinetics than the WT LM dimer, has a larger 
equilibrium favoring formation of QB
-. With this assumption, a decrease of 60 mV of QA
-/QA in LM dimer 
of M265IS compared to WT LM dimer can be estimated.  
The arguments above hint that in the WT LM dimer, the redox potential of QB
-/QB is less positive than that 
in the intact bRC. With whole bRC, it has been measured by redox titration that the secondary quinone 
acceptor that is more than 100 mV more positive than the mid-point potential in solution (quoted from one 
of your earlier paper titled “functional linkage between the QA and QB sites of photosynthetic reaction 
centers”). Without the H subunit, it is not unreasonable to think that the now better hydrated QB pocket 
would provide a more solution-like environment and abolish the effects of whatever it takes to raise the 
redox potential of QB
-/QB in intact bRC. 
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Chapter 3. Pulsed electron paramagnetic resonance study on the primary 
semiquinone in the LM dimer1  
3.1 Background 
The bacterial photosynthetic reaction center (bRC) from Rb. sphaeroides has served as an exemplary model 
system in the field of bioenergetics, and has provided a great deal of insight into the inner workings of 
biological electron transfer (ET) and quinone redox chemistry.1 It has also found recent application as a 
tool for interfacial electrochemistry, chemical sensing, and energy conversion.2–4 This protein complex 
consists of two transmembrane subunits L and M where all of the photochemistry takes place (LM dimer), 
and a peripheral membrane subunit H (Figure 3.1).  The H subunit has a single transmembrane helix and a 
large globular domain which caps the QA and QB quinone binding sites. The H subunit is asymmetrically 
positioned mostly over the QA site, but also provides key residues for proton delivery to the QB site.
1 The 
essential role of the H subunit in regulating bRC assembly in Rb. sphaeroides and related species is also 
well-established.5–8 However, it is only conserved in photosynthetic proteobacteria and not in other type II 
bRCs (filamentous anoxygenic phototrophs, cyanobacteria, and plants). 
The H subunit can be removed in vitro by treatment with detergents or chaotropic agents, which has allowed 
for significant insight to be gained into the biochemical properties of the LM dimer.9–14 The LM dimer is 
structurally similar to PSII in plants and cyanobacteria, although it lacks the oxygen evolving complex in 
the M subunit (homologous to the D2 subunit in PSII). Functionally, the LM dimer retains the ability to 
form and stabilize the anionic QA
- semiquinone (SQA) like the bRC, but is essentially incapable of the 
subsequent inter-quinone ET to QB that forms QB
- (SQB).
9,10 The original work of Debus et al.7 suggests 
that ubiquinone is still bound to the QB site, albeit more weakly, with an apparent SQA to QB ET rate almost 
1000-fold slower than in the intact bRC.9 If this is correct, it may indicate that in the LM dimer the redox 
potential difference between the quinones is unsuitable for ET, which can be caused by changes in the local 
electrostatics in one or both quinone sites,15 or a failure of the methoxy groups to adopt the orientations 
necessary to bring the redox potential difference into the functional range.16–18 Redox titrations (Figure 3.2) 
show the Em of QA in the LM dimer to be only slightly perturbed relative to the intact bRC. A similar redox 
                                                             
1 This chapter is adapted with permission from Sun, C.; Taguchi, A. T.; Beal, N. J.; O’Malley, P. J.; Dikanov, S. A.; 
Wraight, C. A. Regulation of the Primary Quinone Binding Conformation by the H Subunit in Reaction Centers from 
Rhodobacter Sphaeroides. J. Phys. Chem. Lett. 2015, 6, 4541–4546. Copyright 2015 American Chemical Society. 
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titration for QB, however, has yet to be successfully performed, preventing a determination of the LM dimer 
quinone redox potential difference. 
 
Figure 3.1. The reaction center (RC) complex from Rhodobacter sphaeroides comprises three subunits, a heterodimer 
of similar, but non-identical L (tan) and M (green) subunits, and subunit H (red) that caps LM on the cytosolic side of 
the membrane. The special pair of bacteriochlorophyll (P), bacteriochlorophyll (BA and BB), bacteriopheophytin (HA 
and HB), and the quinones (QA and QB) are shown in purple. The arrows indicate the initial charge separation (arrow 
from P to QA) and the subsequent interquinone ET (arrow from QA to QB). 
 
Alternatively, the slower inter-quinone ET may reflect a decrease in the intrinsic kinetics of the ET rate. 
This would suggest a ~5 Å increase in distance between the quinones,19 which is unlikely if the quinone 
binding sites of the LM dimer still resemble that of the bRC. However, there is no structural information 
available so far for the LM dimer, regardless of the redox states of the quinones. Here, we report the first 
pulsed EPR study on the primary semiquinone in the LM dimer (SQLM).  
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Figure 3.2. Potential titration of the redox pair QA-/QA in the whole bRC and the LM dimer. Both the bRC and the 
LM dimer can be excited with light and form the charge separated state P+QA- (P represents the special pair of 
bacteriochlorophyll, see Figure 3.1), given that P is reduced and the quinone is oxidized prior to the excitation flash. 
This charge separation results in observable spectral changes in the UV to NIR regions. Chemical reduction of QA, 
however, disables the reaction center’s ability to undergo the light induced charge. Here, the fraction of QA that is 
oxidized prior to the excitation flash is monitored at 430 nm as a function of the potential. In this paper QLM is simply 
a shortcut to refer to QA in the LM dimer. 
 
3.2 Materials and Methods 
3.2.1 Materials  
Protein purification – Refer to Chapter 2 
Zinc LM dimer preparation – LM dimer without iron bound was prepared based on the same principle of 
Agalidis’ protocol.10  bRC with a poly histidine tag on the M subunit was loaded onto a 5 mL Ni-NTA 
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column and washed with 10 column volumes of 0.1% SDS, 0.045% LDAO, 20 mM Tris, pH 8 at a flowrate 
of 2 mL/min. In this mixed detergent condition, the H subunit disassociates from the LM dimer and washes 
away.10 The non-heme iron is also lost during this process due to its affinity to SDS20. After this washing 
step, the column was re-equilibrated with 0.045% LDAO, 20 mM Tris, pH 8. The LM was then eluted with 
100 mM imidazole under the same buffer condition. The zinc reconstitution of the LM dimer was carried 
out in a 5 mL DEAE ion exchange column by incubating the LM dimer with 1 mM zinc chloride, 8 mM β-
mercaptoethanol, 0.045% LDAO, 20 mM Tris, pH 8 on ice for 30 min. The column was then washed with 
10 column volumes of 0.045% LDAO, 20 mM Tris, pH 8 to get rid of the majority of non-specifically 
bound zinc. The reconstituted LM dimer was eluted with 200 mM NaCl and dialyzed against 2 L of 0.045% 
LDAO, 20 mM Tris, pH 8 three times. Finally, the LM dimer was concentrated with a 30 kD centricon to 
about 400 μM and stored at -80 °C until use. Successful reconstitution of Zinc was confirmed by ICP-MS 
(inductively coupled plasma mass spectrometry) analysis of the prepared Zinc-LM dimer complex.  
Sample generation – The semiquinone in the Zinc-LM dimer was generated either chemically or photo-
chemically, as done previously for the Zinc-bRC. In the case of chemical reduction, 10 μL of 11 mM 
dithionite in 1M Tris pH 8 was added to 100 μL LM dimer with 5% glycerol and mixed well with quick 
pipetting. This mixture was quickly transferred to an EPR tube and frozen in liquid nitrogen. Samples were 
also generated photo-chemically by supplementing 400 μM LM dimer and 5% glycerol with reduced horse 
cyt c to a final concentration of 600 μM. After 1 hour of incubation in the dark, the sample was excited with 
a 10 Hz train of 532 nm Nd:YAG laser pulses while simultaneously being frozen in liquid nitrogen. No 
qualitative differences in the HYSCORE spectra were observed between samples generated with multiple 
flashes and samples generated with a single flash. But multiple flashes gave a bigger semiquinone signal. 
It was later found LM dimer is more stable in DDM (Dodecyl Maltoside) than in LDAO. The difference in 
detergent doesn’t change HYSCORE spectra of the Zinc-LM dimer. 
3.2.2 Isotope Labeling 
For uniform 15N labeling of the protein, 15N labeled ammonium sulfate (obtained from Cambridge Isotopes) 
was used as the nitrogen source in the medium. For 13C labeling of the semiquinone at the 2, 3-methoxy 
and 5-methyl positions, the quinones in the LM dimer were extracted and reconstituted with a site-
specifically labelled ubiquinone. The 13C labelled ubiquinone was purified from an E. coli Methionine 
auxotroph strain grown in the presence of 13C methyl labelled methionine (obtained from Cambridge 
Isotopes) following the methodology described earlier5. Quinone extraction from the Zinc-LM dimer was 
carried out by loading the Zinc-LM dimer onto a 5 mL DEAE column and washing it with 10 column 
volumes of 0.5% LDAO, 20 mM Tris, pH 8 at a flow rate of 2 mL/min. After the washing step, quinone 
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extracted Zinc-LM dimer was eluted with 0.045% LDAO in 20 mM Tris, 200 mM NaCl, pH 8. The protein 
was dialyzed and concentrated prior to storage. To reconstitute the Zinc-LM dimer with exogenous quinone, 
a known amount of the quinone in ethanol solution was dried in an Eppendorf tube under a stream of argon, 
resulting in a thin film on the tube wall. The concentrated protein was transferred to this tube and incubated 
in the dark for 2 hours after extensive mixing with pipetting.  
3.2.3 EPR Measurements 
The CW EPR measurements were carried out on an ELEXSYS E580 spectrometer equipped with a separate 
Q-band bridge. The pulsed EPR experiments were performed with the same spectrometer. The cavity was 
cooled with liquid helium and the temperature was controlled with an Oxford CF 935 cryostat. The 
temperature for all measurements on the semiquinone in the LM dimer was 90 K, where the time interval 
between each pulse sequence was 600 μs. Two different types of ESE techniques were used, namely one-
dimensional three-pulse ESEEM and two-dimensional four-pulse ESEEM, referred to as HYSCORE 
hereafter. The detailed pulse sequences and phase cycling schemes are described elsewhere.22 Relaxation 
decay subtraction, zero filling, apodization, and the fast Fourier Transform were performed using the Bruker 
Win-EPR software.   
3.2.4 Analysis for powder 14N ESEEM spectra 
Because of the I = 1 spin and the nqi resulting from this, a 14N nucleus can produce up to six lines in an 
ESEEM spectrum, three for each electron spin manifold with mS = ½ or mS = -½. In measurements of 
amorphous (powder) samples, such as the frozen suspensions of protein used in this work, not all transitions 
contribute equally to the spectrum due to different orientation dependences. The ESEEM spectrum expected 
from 14N with a predominantly isotropic hfi coupling is governed by the ratio between the effective nuclear 
frequency in each manifold, ef± = |14N ± |a(
14N)|/2|, and the quadrupole coupling constant, K = e2qQ/4h.23,24 
If ef-/K ~ 0, i.e. ef- ~ 0 (the situation known as the cancellation condition, because  14N ≈ a(
14N)/2), the 
three nuclear frequencies of the corresponding manifold will be close to the three pure (zero-field) nuclear 
quadrupole resonance frequencies with 14N transitions 
                            + = K(3 + η)      -  = K(3 – η)       0 = 2Kη  (Eq. 3.1) 
and with the energy levels defined by the principal values of the nqi tensor 
                           Qmin = –K(1 – η)      Qmid = –K(1 + η)       Qmax = 2K (Eq. 3.2) 
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Both Eq. 3.1 and Eq. 3.2 are completely described by K and the asymmetry parameter η. These frequencies, 
with the property + = - + 0, are broadened as ef±/K departs from 0, but can appear in the spectrum up to 
a ratio of ef±/K ~ 0.75–1.
8,9 
A three-pulse ESEEM spectrum near the cancellation condition is expected to consist of four lines: three 
narrow lines at zero-field nqi frequencies from the manifold with νef- ~ 0 (Eq. 3.1), and one broadened 
double-quantum transition dq+ from the opposite manifold, described by the relationship 
                                                   dq± = 2[ef±
2 + K2(3 + η2)]1/2    (Eq. 3.3) 
The hyperfine coupling a(14N), which is the difference between ef+ and ef-, can be estimated by the 
following equation rearranged from Eq. 3.3. 
                                                   a(14N) = (dq+
2 - dq-
2)/814N    (Eq. 3.4) 
Since dq+ is from the manifold not satisfying the cancellation condition, it may be too broad to observe in 
the three-pulse ESEEM spectrum. However, the corresponding HYSCORE spectrum will exhibit cross-
peaks correlating ν+, ν-, and ν0 with νdq+, indicating the location of νdq+ even if it is not directly observed. 
The cross-peak contour line shapes are expected to be narrow ridges parallel to one coordinate axis and 
perpendicular to the other. The narrowness of the cross-peaks in one dimension over the other reflects the 
sharpness of lines near the cancellation condition (ν+, ν-, and ν0) as opposed to the nuclear transition not 
satisfying the cancellation condition (νdq+). The total number of possible cross-peaks from one nitrogen in 
each quadrant is nine pairs.25 On the other hand, when the nitrogen coupling is far from the cancellation 
condition, the HYSCORE spectrum is expected to greatly simplify into that of a single pair of cross-peaks 
correlating the double-quantum transitions from opposite spin manifolds (νdq+ and νdq-). 
3.2.5 Redox Titration 
The redox potentials were determined by flash induced spectroscopy potentiometric titrations. The potential 
of the sample was monitored with a CHI 602E potentiostat equipped with a Pt working electrode and an 
Ag/AgCl reference electrode. The flash induced kinetics was monitored at 430 nm with a spectrophotometer 
of in-house design. The titration cell was similar to the one described by Dutton.26 2 μM of TMPD 
(tetramethyl-p-phenylenediamine), pyocyanin, PMS (phenazine methosulfate), and PES (phenazonium 
ethosulfate) were present to buffer the potential of the sample. Freshly prepared 10 mM dithionite in 1M 
Tris and 10 mM ferricyanide were used to titrate the potential of the sample in opposite directions.  
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3.3 Results and Discussion 
3.3.1 CW SQLM characterization 
SQLM has been successfully generated by either chemical (dithionite) or photochemical (532 nm laser 
excitation) reduction. Because the chemical reduction method is not expected to generate SQB, we assign 
this signal to a SQ of the QA site. Furthermore, we have prepared the L223 serine to tryptophan mutant to 
test this. This mutation completely knocks out the binding of QB to the intact bRC. LM dimer preparations 
from this mutant give the same SQLM signal as indicated by the EPR and ESEEM spectra (Figures 3.3 and 
3.4), confirming its identity as a QA site semiquinone (SQA only refers to the QA semiquinone in the WT 
bRC hereafter). Q-band continuous-wave EPR spectra of SQLM in these samples coincide with that observed 
for SQA (Figure 3.5), where the g-tensor has principal values 2.0065, 2.0053 and 2.0021.
27  
 
Figure 3.3. 3D stacked representation of the 14N HYSCORE spectrum of SQLM. The time τ, interval between the first 
and the second microwave pulse, was 136 ns here. The spectrum was obtained by FT of the two-dimensional time 
domain pattern containing 256 x 256 points with a 20 ns step in t1 and t2, which were time intervals between the second 
and the third microwave pulses, and the third and the fourth microwave pulses, respectively. The microwave frequency 
was 9.635 GHz and the magnetic field center was set to 343.5 mT, corresponding to the maximum EPR intensity in 
both experiments.  
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Figure 3.4. 3D stacked representation of the 14N HYSCORE spectrum of SQLM prepared from bRC of mutant L223SW. 
The experimental conditions are the same as in Figure S3. This spectrum is almost identical to the SQLM prepared 
from WT bRC. Feature 4 is arguably weaker; however, the S/N of this spectrum is about 50% of Figure 3.3. Feature 
4 is still clearly present in the contour representation.   
 
 
Figure 3.5. Comparison of CW EPR spectra between the QA- semiquinone in the bRC and the QLM- semiquinone in 
the LM dimer at Q-band. The spectra were acquired with a Q-band Bruker ELEXSYS 580 equipped with a separate 
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Q-band microwave bridge and cavity operating at 10 kHz modulation frequency. Experimental parameters: 
temperature = 80 K, microwave power = 7.5 μW, conversion time = 10 ms, modulation amplitude = 2 Gauss, number 
of points = 1024, Sweep width = 100 Gauss, number of traces = 16. Simulations with EasySpin (v5.0.2) reveal the 
principle values of the g-tensor for SQLM remain unchanged compared to SQA.  
3.3.2 14N and 15N ESEEM of SQLM 
Despite the similarities in the CW EPR spectra, 1D and 2D ESEEM characterizations have revealed 
significant differences between the SQLM and the SQA. Figure 3.6a shows stacked plots of the three-pulse 
14N ESEEM spectra of SQLM. The spectra possess a shape typical for a single 
14N near cancellation 
conditions (14N ~ |a(
14N)|/2) in one electron spin manifold(23,24) (see the methods section). This allows for 
an immediate assignment of the narrow peaks at 0.55, 0.89, and 1.44 (±0.03) MHz to the three pure nuclear 
quadrupole interaction (nqi) frequencies 0, -, and + (Eq. 3.1) within this manifold. There is also a much 
weaker and broader line at ~4.4 MHz, which is suggestive of the dq+ transition (Eq. 3.3) from the opposite 
manifold.This assignment is confirmed by the 14N HYSCORE spectrum (Figures 3.6b and 3.3). The 
spectrum exhibits cross-features 1-3 correlating 0, -, and + with dq+, thus indicating that they belong to  
Figure 3.6. (a) Stacked plot of three-pulse ESEEM spectra of SQLM. The time-domain envelopes were recorded as a 
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function of both T, the time between the second and third pulses, and τ, the time between the first and second pulses. 
Spectra were obtained from modulus Fourier Transforms (FT) along the time T. The time τ was 100 ns for the back 
trace and was increased in steps of 16 ns in successive traces. (b) Contour representation of the 14N HYSCORE 
spectrum of SQLM. The time τ, the interval between the first and the second microwave pulses, was 136 ns. The 
spectrum was obtained by FT of the two-dimensional time domain patterns containing 256 x 256 points with a 20 ns 
step in t1 and t2, which are the intervals between the second and the third microwave pulses, and the third and the 
fourth microwave pulses, respectively. A 3D-type stacked presentation of this spectrum is shown in Figure 3.3. The 
microwave frequency was 9.635 GHz and the magnetic field was set to 343.5 millitesla (mT). (c) Contour 
representation of the 15N HYSCORE spectrum of SQLM. The time τ was 136 ns. The microwave frequency was 9.622 
GHz and the magnetic field was 343.2 mT. The spectrum was obtained by FT of the two-dimensional time domain 
patterns containing 256 x 256 points with a 32 ns step in t1 and t2.  
 
different electron spin manifolds.(25) This correlation spectrum also allows for a more precise determination 
of the value of dq+ = 4.1 MHz from the maximum intensity of the (dq+, +) cross-peak 1. The frequencies 
0, -, + and dq+, along with the 
14N Zeeman frequency (14N = 1.06 MHz) can be used to estimate the 
quadrupole coupling constant (qcc) K = e2qQ/4h = 0.39 MHz, the asymmetry parameter  = 0.71, and the 
hyperfine interaction (hfi) coupling a(14N) = 1.7 MHz for the 14N nucleus (Eqs. 3.1, 3.3, and 3.4).21-23 
It is well established that the SQA is hydrogen-bonded to Nδ of His-M219 (which is also a ligand of a high 
spin nonheme Fe2+) and the peptide nitrogen (Np) of Ala-M260.
28–30 The qcc of the nitrogen in the ESEEM 
spectra of SQLM is typical for Nδ of a histidine, indicating that SQLM retains the H-bond with His-M219. 
However, the SQLM spectra do not show the well-pronounced peptide nitrogen lines seen for SQA.
22,23 An 
interaction with a peptide nitrogen (Np) is suggested by the presence of the low intensity broad cross-
features 4 distributed within the area (4.0-4.7, 2.5-3.0) MHz in the 14N HYSCORE spectrum. Assuming the 
larger frequency corresponds to dq+, we estimate the hfi coupling of Np is 1.28 ± 0.45 MHz from Eq. 3.4, 
when the typical values of K = 0.74 MHz and  ~ 0.5 reported for Np hydrogen bonded with SQA and SQB 
are used.30,31  
The above assignments of the 14N peaks are also supported by the 15N HYSCORE spectrum of the SQLM. 
The (++) quadrant of this spectrum (Figure 3.6c) contains cross-features 1N and a sharp peak Nwc at (15N, 
15N). The cross-features 1N possess an asymmetric shape with an intensity maximum at (2.7, 0.4) MHz and 
long shoulders extending towards the diagonal. The first-order estimate of the hfi coupling based on the 
peak maximum is 2.3 MHz (1.6 MHz when scaled to 14N). This value is consistent with the coupling 
obtained from the 14N HYSCORE spectrum for the nitrogen assigned to N  of His-M219. The smallest 
splitting between the low intensity shoulders of cross-feature 1N is ~1 MHz (~0.7 MHz for 
14N), in 
agreement with the smallest hfi coupling estimated for Np of Ala-M260 above. This suggests that the Np 
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contributes to the extended low intensity part of the cross-features 1N in the 
15N HYSCORE spectrum. The 
sharp diagonal peak Nwc results from weakly coupled nitrogens around the SQLM in the protein environment. 
 
Figure 3.7. Contour presentation of the 1H HYSCORE spectra of SQLM in protonated (a) and deuterated (b) solvent. 
The time τ was 136 ns. Spectra were obtained by Fourier Transforms of the two-dimensional time domain patterns 
containing 256 x 256 points with a 20 ns step in t1 and t2. The microwave frequency was 9.622 GHz, the magnetic 
field was 343.2 mT, and the temperature was 90 K.  
3.3.3 1H ESEEM of SQLM 
Hydrogen bonds which stabilize SQLM were also examined by 
1H HYSCORE (Figure 3.7). H-bonded 
protons typically possess anisotropic hfi couplings exceeding the couplings found for ubiquinone ring 
substituent protons (2,3-methoxy, 5-methyl and 6-methylene).32 As a result, protons from H-bonds produce 
extended cross-ridges shifted substantially from the dashed anti-diagonal line passing through (1H, 1H) 
(Figure 3.7). Two pairs of exchangeable shifted ridges (1H and 1’H) are observed in the 
1H HYSCORE 
spectrum of SQLM. Similar patterns show up in the HYSCORE spectrum (Figure 3.8) with τ = 200 ns. 
Linear extrapolation of 1H in 1
2 vs. 2
2 coordinates coincides well with the 1’H segments located on the 
opposite side of the diagonal (Figure 3.9), suggesting that these features belong to the extended ridge from 
the same proton.28 This analysis provides the value TH = 4.4 MHz for the axial anisotropic hfi tensor (-TH, -
TH, 2TH) (Figure 3.9) that is supported by the observation of only one sum combination peak in the four-
pulse ESEEM spectrum where the peak shift from 2νH corresponds to a nearly identical TH ~ 4.5 MHz 
(Figure 3.10). The shift observed from four-pulse ESEEM is well described by the equation Δ=9T2/16ν1H,
11 
allowing for an estimate of the anisotropic component T of the hfi tensor. The shift indicated above 
56 
 
corresponds to T = 4.5 MHz, which is consistent with the value of T determined for the exchangeable proton 
from the HYSCORE spectra (Figure 3.9). All other exchangeable and nonexchangeable protons from the 
SQLM and its environment possess smaller anisotropic hyperfine couplings that do not give resolvable shifts. 
 
 
Figure 3.8. Contour representation of the 1H HYSCORE spectrum of SQLM acquired at τ = 200 ns. Spectra were 
obtained by FT of the two-dimensional time domain patterns containing 256 x 256 points with a 20 ns step in t1 and 
t2. The microwave frequency was 9.623 GHz and the magnetic field center was 343.2 mT. Compared to the spectrum 
obtained with τ = 136 ns, the feature 1’H here has a stronger relative intensity. 
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Figure 3.9. Linear regressions for the squared-frequency analysis. The data used is the same as that for Figure 3a. The 
frequency axes were transformed into the squared representation using Matlab R2014a. Data points used for the fitting 
are selected first by defining a box around the cross-ridge, and then eliminating noisy points below a set intensity 
threshold. A linear regression of the remaining points (red) is then performed by a least squares optimization, from 
which both the isotropic coupling a and the anisotropic coupling T are calculated. The analysis shown above gives a 
= -0.59 ± 0.1 MHz and T = 4.4 ± 0.1 MHz, where the value for a is selected for as done previously.10 
 
 
 
Figure 3.10. Four-pulse 1H ESEEM spectra of the SQLM in the LM dimer from the bRC of Rhodobacter sphaeroides. 
The spectra show modulus Fourier transforms along the time between the second and third or third and fourth 
microwave pulses (t1 and t2, respectively, where t1 = t2). 800 points were accumulated with 12 ns steps starting with a 
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fixed time τ = 100 ns. τ was then incremented in steps of 12 ns in subsequent traces. The microwave frequency was 
9.623 GHz, and the magnetic field was 343.1 mT.  
3.3.4 13C ESEEM of SQLM 
The 13C HYSCORE spectrum of SQLM in the LM dimer with the ubiquinone head group 
13CH3 and 
13CH3O 
labelled is dominated by broad cross-peaks with a maximum at (5.2, 2.2) MHz. This spectrum is more 
similar to that of the anionic SQ in alcohol solvent33 than that of SQA or SQB in the bRC, where three narrow 
cross-peaks with different couplings were resolved.
34 Presumably, contributions from all three 13C labelled 
carbons are lumped together under the same peak. This suggests that the methoxy groups in the 
ubisemiquinone are less constricted in the LM dimer than in the bRC. They rotate more freely and take on 
a variety of conformations as they would in water or alcohol solvents. However, the cross-peak maxima are 
still significantly different in the LM dimer compared to the situation of organic solvents where hydrogen 
bonding to the carbonyl oxygens is symmetric.    
 
 
Figure 3.11. Contour presentation of the 13C HYSCORE spectrum of SQLM in the LM dimer with the ubiquinone head 
group 13CH3 and 13CH3O labelled. The microwave frequency was 9.642 GHz and the center of magnetic field was 
343.8 mT. The time τ used was 136 ns and the temperature was 90 K. The spectrum was obtained by Fourier 
Transforms of the two-dimensional time domain patterns containing 256 x 256 points with a 20 ns step in t1 and t2.  
Previously, the hydrogen bonds linking SQA and SQB to the bRC protein environment were investigated by 
14,15N and 1H pulsed EPR characterizations of the hfi and nqi tensors.30,31,35–37 The 13C hfi tensors were also 
determined for the carbons of the 2- and 3-methoxy groups in both bRC SQs.34 Select parameters from 
these studies are summarized in Table 3.1 for comparison with the values determined for SQLM in this work. 
59 
 
 
Table 3.1. Comparison of select hfi and nqi coupling constants for SQA, SQB and SQLM. 
 a,bSQA: aNδ His-M219,  bNp Ala-M260 from ref. 30;  
c,dSQB: cNδ His-L190, dNp Gly-L225, from ref. 31  
     
3.3.5 Correlation of hfi and nqi for histidine Nδ 
A comparative analysis of the hfi and nqi tensors for the histidine Nδ H-bond donors of SQs in different 
quinone sites has previously found a remarkably good linear correlation between the isotropic hfi constant 
a(14N) and asymmetry parameter η of the nqi tensor (Figure 3.12).26 In contrast to K, a(14N) and η of SQLM 
are significantly different from the corresponding SQA values for the bRC. However, the changes in a(
14N) 
and η still retain the previously established linear correlation. This correlation between a(14N) and η in 
Figure 3.12 reflects a variation in the hydrogen bond O···H distance and a conserved binding geometry of 
the SQs with respect to their histidine Nδ H-bond donors in the quinone sites. Thus, the 
14N and 1H ESEEM 
data for SQLM taken as a whole indicate that the conformation of the His-M219Nδ – SQ complex is retained 
in the LM dimer, but with an increased O···H distance. 
 a (14N), MHz K  = e2qQ/4h, MHz  TH, MHz a(13C), MHz 
SQA 
2.3a 0.38a 0.97a 5.2a 1.3 (2-CH3O) 
~0 (3-CH3O) 2.6b 0.74b 0.59b 4.5-4.6b 
SQB 
1.4c 0.38-0.39c 0.69c 4.5-4.7c 4.7 (2-CH3O) 
1.5 (3-CH3O) 0.4-0.5d 0.74d 0.45d 3.2d 
SQLM ~1.7 0.39 0.71 4.4 ~3 
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Figure 3.12.  Correlation between η and the isotropic hyperfine constant a(14N) for the histidine Nδ in semiquinone 
bound proteins. The agreement of the point for SQLM (cyan) with the observed linear correlation (dotted line) supports 
the conclusion that the binding conformation of the His-M219 Nδ – SQLM complex is similar to that of SQA. 
 
A second hydrogen bonded proton to SQLM is not resolved in either the 
1H HYSCORE or four-pulse 
ESEEM spectra. This can be interpreted as an absence of the second H-bond, or that it possesses an 
anisotropic coupling less than 2.9 MHz, which is the limit below which a cross-ridge is no longer resolved 
off of the anti-diagonal in X-band HYSCORE. On the other hand, the existence of cross-peak 4 in the 14N 
HYSCORE shows that there is another nitrogen interacting with the semiquinone, possessing a(14N) ~ 0.8-
1.7 MHz. Based on our prior knowledge of the bRC, we assign this nitrogen to Np of Ala-M260, 
where a(14N) was found to be 2.6 MHz for SQA. The breadth of cross-peak 4 suggests a spread in the Ala-
M260 Np-H···O bond length and/or angle. The second hydrogen bond of SQLM with NP is apparently 
significantly weakened upon removal of the H subunit, and likely heterogeneous and transient in nature. In 
addition to the data discussed above we performed similar measurements up to 120 K and did not find 
significant changes in the spectra and relaxation times of the SQLM, indicating an absence in quinone and 
protein mobility within the temperature range 90-120 K. Thus, the changes of the spectral lineshape and 
intensity observed in the ESEEM spectra for the SQLM in the LM dimer in comparison with the SQA in bRC 
result from static disorder of the quinone molecule as a consequence of the weaker binding interactions 
between the SQ and protein environment. 
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3.3.6 DFT calculations on SQLM 
To provide a more quantitative analysis of the structural changes in the LM dimer, DFT calculations have 
been performed (using) based on a modified model of the SQA described previously.
30  Starting from the 
optimized SQA structure in the bRC we explored the effect of increasing hydrogen bond lengths on the 
proton TH values and the 
14N isotropic hfi constants for both His-M219 and Ala-M260. For His-M219, an 
elongation of the H-bond to 1.75 Å is required to replicate the experimental TH value (Figure 3.13), and 
1.95 Å is required to reproduce the experimental 14N hfi coupling (Figure 3.14). Compared to previous 
calculations,30 this suggests the His-M219 N  – SQLM bond length has increased by ~0.25 Å upon removal 
of the H subunit. For Ala-M260, lengthening the hydrogen bond to at least 2.05 Å (Figure 3.13) is necessary 
to obtain TH ≤ 2.9 MHz. The experimentally determined 0.8-1.7 MHz range for the Ala-M260 Np isotropic 
hfi coupling corresponds to a 2.15-1.85 Å hydrogen bond length range (Figure 3.14). These two types of 
calculations suggest a consistent ~0.4 Å elongation of the Ala-M260 Np – SQLM hydrogen bond. It should 
be noted that changes in bond angle can also alter the values of the coupling constants significantly, and 
these are not accounted for here where only changes in the H-bond length are investigated. 
 
Figure 3.13. Dependence of the DFT calculated TH on hydrogen bond length for Nδ of His-M219 and Np of Ala-M260. 
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Figure 3.14. Dependence of the DFT calculated a(14N) on hydrogen bond length for Nδ of His-M219 and Np of Ala-
M260. 
 
 
 
Figure 3.15. Comparison of proton ENDOR spectra between SQA and SQLM in deuterated buffer at X-band. The 
spectra were acquired with a Bruker ELEXSYS 580 equipped with an X-band ENDOR cavity. Experimental 
parameters: magnetic field = 344.35 mT, SRT = 1000 μs, number of points = 512, range of radio frequencies is from 
7.5 to 21.5 MHz, RF attenuation = 0 dB, stochastic mode off, MW attenuation = 15 dB, π/2 pulse width = 48 ns, gate 
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= 348 ns, d0 = 340 ns, d1 = 400 ns, d2 = 1000 ns, RF π pulse width = 12 μs, video gain = 50 dB, number of averages = 
100.  
 
3.3.7 Davies ENDOR of SQLM 
Pulsed ENDOR spectra for SQLM show a slight decrease of the C5‘-methyl proton isotropic coupling, 
indicating a further increase of the asymmetry in the spin density distribution in the SQLM compared with 
SQA. This corresponds to an even greater weakening of the Ala-M260 Np – SQLM hydrogen bond than for 
the His-M219 Nδ – SQLM hydrogen bond (Figure 3.15), in agreement with the HYSCORE and DFT analyses 
described above.  
3.4 Conclusion 
In summary, pulsed EPR measurements have revealed the structural features of the primary semiquinone 
in the LM dimer. The His-M219 Nδ – SQLM hydrogen bond is elongated, but with a preserved binding 
conformation between the imidazole ring and SQ. The Ala-M260 Np – SQLM hydrogen bond is elongated 
even further and probably possesses a distribution of bond lengths and bond angles (Np – H – O4). The 
13C 
isotope labelling experiment suggests a greater degree of rotational freedom for the methoxy groups of the 
SQLM, consistent with the overall weakening of SQ binding in the LM dimer. These results allow us to 
propose a similar influence of the H subunit removal on the quinone-protein interactions in the QB site. The 
weaker hydrogen bonding and more disordered orientation of the 2-methoxy group likely alters the quinone 
redox potential difference required for ET between the QA and QB sites. On the other hand, the failure of 
ET from SQA to QB in the LM dimer gives an additional motivation to conjugate the LM dimer to an 
electrode surface, as the electrode does not have to compete with QB for the electron from SQA. The linkage 
of the LM dimer to an electrode surface can be achieved by strategically placed Cys residues, which allow 
attachment to gold38 or graphite electrodes.39 In principle, the absence of the H subunit could greatly shorten 
the electron tunneling distance and lead to enhanced photocurrents. 
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Chapter 4. Ultrafast electron transfer kinetics in the LM dimer2 
4.1 Background 
There are three distinct architectures known so far for type II photosynthetic reaction centers (Figure 4.1a). 
The core of the water-evolving photosystem II and bacterial reaction centers from Chloroflexi1,2 are 
homologous heterodimers, comprising D1/D2 and L/M protein subunits, respectively. Each monomer 
polypeptide is composed of five transmembrane alpha helices with the N terminus in the cytosol. The water-
evolving photosystem II3 from high plants and algae contains many more than the two subunits, D1 and D2.  
Some mention might me made of this. In addition to the core heterodimer, all known reaction centers from 
Proteobacteria, such as Rhodobacter (Rb.) sphaeroides4, have an H subunit consisting of a single 
transmembrane helix and a globular domain in the cytosol. Some reaction centers from the same phylum, 
such as Blastochloris viridis5, have an additional tetraheme subunit on the periplasmic side to facilitate 
rapid reduction of the photo-oxidized primary donor. Despite the structural variations, all type II 
photosynthetic reaction centers reduce quinone to quinol via sequential electron transfer reactions. The 
cofactors involved in electron transfer are bound within the core heterodimer with similar structures, 
positions and orientations6,7 (Figure 4.1b).  
Both our work in the past decade and others have shown the critical role that protein dynamics plays in 
defining the thermodynamics of electron transfer.  Fundamentally, the protein represents a non-ergodic bath, 
in which energy coupling and dissipation is highly dependent on the reaction time scale.  Further, Nature 
tunes this aspect of protein structure to favor certain reactions on certain time scales and disfavor others.  
Purple bacterial reaction centers are ideally suited to explore the role protein plays in electron transfer on 
various reaction time scales because the system contains spectrally well separated cofactors and its multi-
step electron transfer spans from time scales from femtoseconds to milliseconds. Recent advances in 
computational speed and dynamic simulation algorithms, together with the improvement in spectroscopic 
methods has allowed us to both simulate and measure light-induced electron transfer from the picosecond 
to microsecond time scale with a very high accuracy.  What we have found is that it is the hundreds of 
picosecond to microsecond time scales where the protein has the most profound effects on dynamics. With 
this in mind, we have recently focused on the HA
- to QA electron transfer which takes place in a few hundred 
of picoseconds.  Many of our studies have involved altering the amino acids near the H and Q cofactors to 
                                                             
2 This chapter is modified from a manuscript prepared with Neal Woodbury and Su Lin 
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perturb the dynamics. However, it is very hard to introduce large scale flexibility into the system while 
maintaining the overall stability of the protein.  It turns out that you can remove one of the subunits (the H 
subunit) of the reaction center while maintaining an intact electron transfer system up to the first quinone.  
Past work on this minimal reaction center (the LM heterodimer) has indicated that it significantly increases 
the dynamics in the vicinity of the quinone.8  This made it an excellent system for testing the idea that 
flexibility in this region is important for the H to Q transfer.  As the paper shows, there is indeed a significant 
change which can be interpreted in terms of a change in reorganization energy for the reaction on the 
hundred picosecond time scale, affecting both forward transfer and recombination.  As expected, it did not 
substantially alter the fast electron transfer reactions (which are much less dependent on large scale 
dynamics).  
 
 
Figure 4.1. (a) The three different architectures reported for type II photosynthetic reaction centers: the core of the 
photosystem II from Thermosynechococcus vulcanus (left), reaction center from Rhodobacter sphaeroides (center), 
and reaction center from Blastochloris viridis, formerly  known as Pseudomonas viridis (right). Atom coordinates 
were obtained from the protein data bank files: 3WU2, 1DV3 and 2X5U, respectively. The gray rectangle box in the 
back represents the lipid bilayer membrane. (b) Electron transfer cofactors of reaction center from Rhodobacter 
sphaeroides. The orientation of the membrane is the same as that in Figure 4.1a. There are four 
bacteriocholorophyll/cholorophyll molecules, two of which are excitonically coupled and known as the special pair 
(P), two bacteriopheophytin/pheophytin (H) molecules, two quinones (Q) and one divalent metal ion (typically an 
iron)9.   
 
Although some type II reaction centers inherently lack the H subunit, it has previously been shown to be 
essential for photosynthetic growth of Rb. sphaeroides10 and in vitro chemical removal of the H subunit has 
been reported to prevent the reduction of the terminal quinone acceptor to quinol in the remaining portion 
of the reaction center (referred to as the ‘LM dimer’) 10–12. It is not entirely unclear why evolution calls for 
an additional H subunit in some reaction centers though some hypothesis was made (the H subunit is 
thought to be essential for reaction center assembly14,15). A systematic evaluation of effects of the H-subunit 
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on reaction center function in Proteobacteria is important for a complete picture of protein-mediated 
electron transfer in this architecture. Several studies on the kinetics of the multi-steps electron transfer in 
the LM dimer have been published 12,13,16,17, however, there are still gaps to be filled. The initial charge 
separation kinetics for P+HA
– formation has yet to be resolved and the kinetics for P+HA
– recombination, 
and formation of the carotenoid triplet state, have not been established.  In addition, most studies concerning 
kinetics of electron transfer within the LM dimer is based on single wavelength and the basis for such 
analysis namely the spectral evolution along the electron transfer is missing. The current study provided a 
much more comprehensive look at the kinetics of electron transfer over a broad time scale, allowing us to 
understand not only the average kinetics but details of kinetic heterogeneity (critical in understanding the 
role of protein dynamics). In addition to demonstrating the effects of a large increase in flexibility, the data 
will also serve as a baseline for ongoing research projects modifying components of this minimal reaction 
center. 
4.2 Materials and Methods 
4.2.1 Materials 
Fe/LM Dimer Preparation – Rb. sphaeroides strain SMpHis18 (more commonly known as Boxer) was used 
for reaction center expression. No difference in reaction center function has been observed between the 
SMpHis reaction center and the reaction center isolated from 2.4.1, in terms of spectral and electron transfer 
properties.18 Bacteria were grown photosynthetically under anaerobic conditions in Sistrom medium19. 
Reaction center isolation was performed as described previously18, with the exception that 1%, rather than 
0.5%, LDAO was used in the membrane solubilization step. The LM dimer was prepared from purified 
reaction centers as described in Debus et al. (1985)13.  The detergent was then exchanged from 0.025% 
cholate to 0.05% DDM (n-dodecyl β-D-maltoside) by dialysis.  Exchange into DDM was chosen based on 
several considerations: i) cholate, as an anionic detergent, may interact with the LM dimer electrostatically, 
especially considering the relatively large area of positive surface charge on the LM dimer (Figure 2.2); ii) 
the LM dimer was difficult to concentrate when solubilized in cholate (at 4 degree); iii) the LM dimer is 
not stable in the detergent LDAO (lauryldimethylamine N-oxide) that is commonly used in reaction center 
preparations13 . The LM dimer reaction centers were concentrated to approximately 120 μM and stored at -
80 °C until use. For consistency, intact reaction centers (reaction centers containing the L, M and H subunits) 
were also detergent exchanged into 0.05% DDM.  
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Figure 4.2. Interfacial electrostatic interactions between the LM dimer and the H subunit.  The coordinates for 
structure on the left comes from the pdb file 1DV3. Quinone cofactors are shown as VDW spheres. The representations 
on the right show the surface charges for the H subunit and the LM dimer, viewing from below and above, respectively. 
A gradient from red to white to blue is used to represent patches with apparent charges of negative to neutral to positive. 
The dotted contour of the LM dimer at the LM/H interface sis also applied to the H subunit for comparison purpose. 
The two hexagons are shown to locate the two ubiquinone molecules.  In the LM dimer’s surface, the quinone 
molecules are beneath the surface and should be invisible.  
 
4.2.2 Quinone Extraction 
We followed the protocol reported in Okamura (1975) et al20 to extract quinones from the intact reaction 
center. The quinones in the LM dimer were extracted using a similar approach. First, 10 mL of LM dimer 
reaction centers (~10 μM) in 20 mM Tris pH 8 were loaded onto a 20 mL DEAE column connected to a 
FPLC instrument. The column was then washed with 200mL of 0.5% LDAO in 20 mM Tris pH 8 at 4 
mL/min. It was unnecessary to include o-phenanthroline in the wash buffer because quinone binding is 
much weaker in the LM dimer than it is in intact reaction center complexes. After the washing step, quinone 
extracted LM dimer was eluted with 0.03% LDAO in 20 mM Tris 200 mM NaCl pH 8. Fractions were 
selected based on their spectra and pooled and dialyzed overnight to remove excess salt and to exchange 
the detergent into 0.05% DDM.  
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4.2.3 Femtosecond Transient Absorption Spectroscopy 
The detailed setup of ultrafast transient absorption spectroscopy has been reported previously21. Briefly, 1 
mJ laser pulses at a repetition rate of 1 kHz (100 fs pulse duration at 800 nm) were generated from a 
regenerative amplifier system (Tsunami and Spitfire, Spectra-Physics). Part of the pulse energy (600 μJ) 
was used to pump an optical parametric amplifier (OPA-800, Spectra-Physics) to generate 865 nm 
excitation pulses. Excitation at 865 nm was used for all measurements as this directly generates the lowest 
excited singlet state of P. Transient absorption changes were measured using a locally constructed 
broadband transient spectrophotometer coupled with a charge-couple device camera (DU420, Andor 
Technology). The polarization of the pump pulses was set to the magic angle (54.7°) with respect to that of 
the probe pulses. Measurements were performed in two overlapping spectral regions: visible (500−760 nm) 
and near-IR (680−980 nm), in order to investigate the QX and QY transitions of the reaction center 
bacteriochlorins. Data was collected from 0.5 picosecond (ps) before to 7 nanoseconds (ns) after the 
excitation pulse. The light path of the spinning wheel was 2 mm and ~20 μM reaction centers were prepared 
in 20 mM Tris pH 8, 1 mM o-phenanthroline, 0.05% DDM. Ferrocene (20 μM) and ferrocyanide (1 mM) 
were added to help minimize the steady state amount of oxidized P+ (Figure 4.4b). All measurements were 
carried out at room temperature. The accumulated raw data were corrected for the wavelength dispersion 
inherent in the optical system. Processed data were then loaded into Matlab 2014a and analyzed by ASUFIT 
3.2.  A sequential kinetic model was used to fit the data in the global analysis.  
4.2.4 Nanosecond/Microsecond Transient Absorption Spectroscopy 
Absorbance changes as a function of time on nanosecond to microsecond time scales were measured using 
a multichannel pump-probe transient absorbance spectrometer (EOS, Ultrafast Systems, Sarasota, FL). The 
system utilized a photonic fiber-based continuum generator to create probe light between 360 – 914 nm. 
The excitation source and sample cuvette were the same as used for femtosecond transient spectroscopic 
measurements. 
4.2.5 Millisecond Transient Absorption Spectroscopy 
Flash induced kinetic spectroscopy is done with a locally designed apparatus. The excitation light source 
(~10 μs duration) is a 1.2 kV Xenon flash lamp with the trigger TTL signal generated from a LabJack U3-
LV.The continuous measuring beam is provided by a 12 V tungsten lamp coupled with a Bausch&Lomb 
monochrometer. After passing through the sample cell, the measuring beam is converted to electric voltage 
via a Hamamatsu photomultiplier. This voltage then is fed into a differential amplifier along with a 
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constant1.5 V potential from an alkaline battery. The amplified signal is digitalized by a PicoScope (model 
number 4424) and stored in a computer. 
4.3 Results and Discussion 
4.3.1 Electrostatic calculations 
Electrostatics calculations are done with Pymol APBS tool (APBS version 1.4.1)22 for H subunit and LM 
dimer individually. A dielectric constant of 80 is used for the solvent and 4 for the protein. Varying the 
solvent dielectric constant from 10 to 80 doesn’t significantly alter the result. The input pqr files are 
generated by PDB2PQR23 server. Cofactors in the LM dimer are not recognized in the server and are 
neglected in the following electrostatics calculations. The final representation of electrostatic calculations 
is shown in figure 4.2. Apparently, there are extensive electrostatic interactions between the LM dimer and 
the H subunit. What’s interesting is that the interactions appear very bipolar with respect to the quinone 
binding pocket: the LM – H interfacial Coulombic forces corresponding to the QA binding pocket are 
attractive while that is repulsive in the case of QB.  
 
Figure 4.3. SDS gel of LM dimer and intact reaction center. From left to the right are: original SDS gel (MW marker 
in 1st lane, intact reaction center in 2nd lane, LM dimer in 3rd lane), gray scale image converted with NIH-ImageJ, 
quantification of bands intensity using integrated area  
 Intact reaction center LM dimer 
H subunit Peak Area 13722 331 
M subunit Peak Area 14006 9516 
L subunit Peak Area 10792 7215 
Table 4.1. SDS gel bands intensity analysis result. The peak intensity ratio between M subunit band and L subunit 
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band is 1.29 for the intact reaction center, 1.31 for the LM dimer, which validates this commonly used quantification 
procedure (ImageJ User Guide, FIJI 1.46).  96.5% H subunit was removed in the LM dimer sample.  
4.3.2 Fe/LM Dimer 
The LM dimer was prepared from intact reaction center complexes as described in Methods. SDS-PAGE 
analysis confirmed successful H-subunit removal (Figure 4.3 and Table 4.1). The long-lived charge 
separated state P+QA
– recombined with a lifetime of 360 ms in the LM dimer (Figure 4.4), consistent with 
previous reports11,13. Millisecond flash spectroscopy determined that approximately 90% of QA was retained 
in LM dimer reaction centers. Determination of the QB content of the LM dimer reaction center from 
spectroscopic observables is hampered due to the very slow rate of electron transfer from QA
– to QB 
(estimated to ~ 1000-fold slower than in intact reaction centers)13. Past work has shown that substantial 
occupation of the QB site requires the presence of a large excess of free quinone (~20 μM Q10)
13. Thus, it 
is expected that nearly all LM dimer reaction center isolated as described above has only a single functional 
quinone acceptor (QA).  
4.3.3 Absorption Spectra Comparison 
The ground state absorption spectrum of the LM dimer at room temperature (Figure 4.5a) is nearly identical 
to that of the intact complex though there are small differences, as described previously11,13. Briefly, 1) all 
three absorption bands of the carotenoid molecule (spheroidene) between 440 and 500 nm are blue s hifted 
by about 2 nm, 2) the QX band that encompasses the two Bphs near 540 nm is sharpened, and 3) the QY 
band for P is blue shifted about 4 nm (Figure 4.6). Additionally, we find that the QX transition band of 
bacteriochlorophyll is broader and shallower in the LM dimer (Figure 4.5a, inset). The full-width at half 
maximum (FWHM) of this peak is 28 nm for the LM dimer, while that for the intact reaction center is 23 
nm. This observation has previously been reported by Agalidis et al. (1983) and has been interpreted in 
terms of an increased degree of dynamic freedom for the bacteriochlorophyll molecules in the LM dimer 
relative to intact reaction centers and an associated increase in structural heterogeneity. This heterogeneity 
will be addressed below in terms of the time dependent spectral changes. Note that the 3 absorbance peaks 
in the carotenoid absorbance region (420 nm to 550 nm) near 442 nm, 471 nm and 503 nm match the 
reported absorption peaks of spheroidene in 2.4.1 reaction center24.  
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Figure 4.4. Millisecond flash-induced spectroscopy of (a) the LM dimer (~ 1 μM) in 20 mM Tris pH 8, 0.05% DDM 
and (b) in the presence of 1 mM ferrocyanide and 20 μM ferrocene. Panel a shows the charge recombination of P+QA-, 
with a life time of 360 ms, for the LM dimer. The ~10% of long-lasting slow phase is due to the re-oxidation of 
semiquinone by an external species, leaving the reaction center in the state P+ which lives for a long time (life time 
around 2 minutes). In panel b, ferrocene present reduces P+ within 10 ms, ferrocyanide keeps ferrocene reduced. 
Though not added directly, there is ferricyanide (μM range) in equilibrium with ferrocyanide. Ferricyanide has been 
shown to oxidize the semiquinone in the intact reaction centers quite rapidly25. Experiments in this study show 
ferricyanide has an even faster rate towards semiquinone in the LM dimer (Chapter 2). In essence, the ferrocyanide 
and ferrocene accelerate the charge recombination of P+QA- in the LM dimer without interfering the formation of QA-, 
since both the oxidation of QA- by ferricyanide and the reduction of P+ by ferrocene are in the millisecond time range. 
 
In order to study the P+HA
– recombination kinetics, it is necessary to remove both quinone molecules (QA 
and QB). The extent of quinone extraction was determined using millisecond flash spectroscopy as 
described in the Materials and Methods section. Quinone extraction was performed as described above and 
typically removed ~ 90% of QA from the LM dimer. The ground state absorption spectrum of the quinone-
depleted LM dimer is compared with that of the quinone-depleted intact reaction center in Figure 4.5b, and 
shows a more pronounced blue-shift of the P band in the LM dimer, in agreement with previous reports11,13. 
Apparently, either the lack of ubiquinone in the QA site or the process of quinone removal in the LM dimer 
alters the environment of P.    
 
 
77 
 
 
Figure 4.5. Absorption spectra of intact reaction centers containing all three subunits (black) and the LM dimer (red) 
for (a) quinone-containing and (b) quinone-depleted reaction centers.  Spectra were normalized at the absorption 
maxima at 800 nm. Insets show spectra of the 600-nm band with a linear baseline subtracted from 560 nm to 640 nm.   
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Figure 4.6. Spectroscopic comparison between the intact reaction center and the LM dimer. Panel a, b and c are 
expanded views of Figure 2.5a. Panel a shows the region where spheroidene absorbs. There is a roughly 2 nm blue 
shift in the LM dimer relative to the intact reaction center. Panel b shows the QX absorption band of the two 
bacteriopheophytin molecules. They are barely distinguishable at room temperature in the intact reaction center but 
merge into one peak in the LM dimer. Panel c shows the QY absorption band of the bacteriochlorophyll dimer P. There 
is a ~5 nm blue shift in the LM dimer relative to the intact reaction center. Panel d shows the light minus dark difference 
spectra (P+QA- - PQA) in the infra-red region. This difference spectrum has contributions from bleaching of the QY 
band of P and electrochromic effects on QY bands of the bacteriopheophytins and bacteriochlorophylls. The difference 
spectrum shows that P+QA- is formed in both samples. A blue shift of QY band of P is also present in the LM dimer 
relative to the intact reaction center, consistent with panel c.  
4.3.4 Initial Charge Separation.  
The H subunit is an integral part of the purple bacterial reaction center. Its globular soluble domain interacts 
extensively with both the L and M subunits via electrostatics (Figure 4.2) and its transmembrane helix 
stacks on top of helix 5 of the M subunit. Extraction of the H subunit from the reaction center would, 
therefore, be expected to result in both static and dynamic changes in the protein environment of the electron 
transfer cofactors in the LM dimer, and possibly changes in their relative positions/orientations as well. To 
investigate this effect on the primary electron transfer (P* forming P+HA
–), time-resolved spectra for the 
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LM dimer and the intact reaction center were collected as a function of time after the 865 nm excitation. 
The time resolved spectra at several representative time delays are plotted in Figure 4.7a and 4.7b. At 0.5 
ps, P has been excited to form P*, and the absorption difference spectra at 600 nm and 865 nm are due to 
bleaching of the ground state bands of P. The apparent absorbance decrease in the 950 nm region is due to 
stimulated emission for P*.  As charge separation takes place, the stimulated emission from P* diminishes, 
resulting in a recovery of the bleaching signal between 865 and 950 nm. Simultaneously, bleaching bands 
at 545 nm and 760 nm develop and there is an increase in the absorbance near 665 nm (Figure 4.7a and 
4.7b, 10 ps trace). These features are due to the ground state bleaching of QX (545 nm) and QY (760 nm) 
transitions of the bacteriopheophytin at the HA binding pocket, and the absorption increase of the newly 
formed HA
– signal (665 nm). Therefore these spectral changes (Figure 4.7a and 4.7b) reflect the electron 
transfer of P* → P+HA
–. The kinetics of the intact 3-subunit reaction center and the LM dimer are compared 
for both HA
– formation (545 nm, Figure 4.7c) and the decay of the P* (950 nm, Figure 4.7d). Apparently, 
the primary electron transfer from P to HA is not disturbed when the H-subunit is extracted from the reaction 
center.  
The early-time spectral changes in the LM dimer are very similar to those observed in the intact reaction 
center, except that the amplitude of the bleaching at 600 nm is only ~ 70% of that of the intact reaction 
center. In the meantime, the 600 nm bleaching is significantly broader for the LM dimer: at 10 ps, the 
FWHM of this peak is 27 nm for the LM dimer, while that for the intact reaction center is 20 nm. The 
integral areas for this peak are comparable. The broadening observed in the time resolved spectra is greater 
than that observed in the ground state absorption spectra (Figure 4.5, insets).  The time resolved spectra 
show only the contribution from the QX band of P, while the ground state absorption spectra have 
contributions from both P and monomeric bacteriochlorophylls (Bs), implying that it is the P ground state 
band that is responsible for the spectral broadening.  In contrast, the FWHM of the QY band of P remains 
more or less the same (56.7 nm in the LM dimer vs 55.6 nm for the intact reaction center). This selective 
broadening on QX band of P could be an indication that more flexibility of the protein matrix is introduced 
along the QX transition by the removal of H subunit. Interestingly, the QX transition of P is about 
perpendicular to the plane of membrane bilayer. In this case, it appears the removal of H subunit, which 
mainly decreases the reaction center’s dimension in the axis that is perpendicular to the membrane bilayer, 
increase the protein flexibility mainly in the same axis. 
 
 
 
 
80 
 
 
 
 
 
 
 
Figure 4.7. Time-resolved absorption difference spectra for (a) the intact reaction center and (b) the LM dimer 
recorded within the first 10 ps following laser excitation at 865 nm. Kinetics comparison of intact reaction center and 
LM dimer at (c) 545 nm and at (d) 950 nm, showing formation of HA– and the decay of P*, respectively. The smooth 
curves in these two panels represent mono-exponential fittings. 
 
4.3.5 Electron transfer from HA– to QA 
 In intact reaction centers, the electron is transferred from HA
– to QA with a time constant of 200 ps
26–30. For 
the LM dimer, this electron transfer time constant has been less clear based on past literature. Liu et al.17 
found that the time constant was essentially the same as the intact reaction center (200 ps) while Agalidis 
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et al. 12 measured a time constant of 450 ps.  In both cases their measurements involved fitting the kinetics 
of the anion band disappearance at around 670 nm. 
 
 
Figure 4.8. Transient absorption spectra collected for (a) the intact reaction center containing all three subunits and 
(b) the LM dimer.  Kinetics comparison at (c) 545 nm and (d) 865 nm for HA– and P+ signals of the LM dimer (red) 
and the intact reaction centers (black) on nanosecond time scale. The first data point for all kinetics traces was recorded 
at 20 ps after excitation. The kinetics trace for the LM dimer in (c) has been up shifted by 3 mOD for better comparison. 
Fitting with a single exponential model (c) revealed a rate constant of 220 ps for the reaction center and 860 ps for the 
LM dimer. 
 
Here, in an attempt to better resolve the HA
– to QA electron transfer process, a more comprehensive analysis 
was performed over a broad spectral range as a function of time (Figure 4.8). Simply looking at the time 
dependent spectra, one can see that the spectral changes associated with HA ground state bleaching recovery 
near 545 nm and decay of the HA
– anion signal near 665 nm are much slower in the LM dimer than in the 
intact reaction center (the spectral evolution is essentially complete by 800 ps in Figure 4.8a, but still 
continues between 800 ps and 4 ns in Figure 4.8b).  Figure 4.8c shows a particular kinetic trace at 545 nm, 
82 
 
again demonstrating that the HA ground state recovery is several fold slower in the LM dimer. As discussed 
below, fitting of the spectral evolution gives rise to an 860 ps time constant for the HA to QA electron transfer 
in the LM dimer.  Notably, and in contrast to what is observed for the intact reaction center, the bleaching 
detected for the LM dimer at 865 nm at 4 ns is ~95% of that present at 20 ps (Figure 4.8d).  Apparently 
there is a small amount of P ground state recovery on this time scale, a process that will be explored on 
longer timescales below.  
It should be noted that Liu et al.16 measured electron transfer kinetics for LM dimer reaction centers with 
65% glycerol present, which reduce the water activity in solution by roughly a half. This would drastically 
change the reorganization energy of electron transfer from HA
- to QA considering the big water surface 
exposed by removing the H subunit. We would evaluate the effect of water in future experiments and 
theoretical calculations. 
4.3.6 Global analysis of the QA containing LM dimer spectral changes.  
Global analysis used data from all wavelengths instead of from a certain wavelength, making it more robust 
and accurate. Besides, kinetics models can be incorporated in global analysis.  A sequential model is highly 
suitable for electron transfers in the reaction center due to the much larger forward rate constants compared 
to the corresponding backward rate constants. The rate constants for the P* → P+HA
– and P+HA
– → P+QA
– 
reactions were determined assuming a sequence of two irreversible reactions. For both samples studied, 
three kinetic components adequately fit the data for the entire QX and QY wavelength regions. The EADSs 
(the Evolution Associated Decay Spectrum) for intact and LM reaction centers are shown, together with 
associated decay time constants, in Figure 4.9a and 4.9b, respectively. For a strictly sequential reactions, 
EADS describes the evolution of the absorbance change spectra, for example, the first EADS evolves with 
its associated time constant to the second EADS. The EADS associated with the shortest time constant in 
the LM dimer (black curve in Figure 4.9b) shows spectral features typical of P*. P* evolves to P+HA
–, with 
a time constant of 3.4 ps. This P+HA
–
 state further evolves to P
+QA
– with a time constant of 860 ps. In 
contrast, the intact reaction center containing the H subunit has corresponding time constants of 3.2 ps and 
210 ps, in good agreement with previous reports31.  
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Figure 4.9.  EADS for (a) intact reaction centers and (b) LM dimer reaction centers generated by global analysis with 
a sequential model. Refer to main text for details. 
 
4.3.7 Charge Recombination of P+HA–and Associated Triplet Kinetics 
 Transient absorption spectra were recorded for quinone-extracted samples, from 400 nm to 915 nm with a 
1-ns time resolution for 10 μs following excitation at 865 nm (Figure 4.10). The scenario laid out based on 
previous studies on the ns to μs involves the recombination of P+HA
– radical pair and the formation of the 
triplet state of P. When the primary quinone acceptor is reduced or removed, the P+HA
– radical pair lives 
for nanoseconds before decaying via recombination. Part of it recombines when the radical pair electrons 
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are still in the singlet state, either directly or via the excited singlet P*. Another part interconverts to an 
almost isoenergetic triplet 3[P+HA
–], which can further form the triplet state of P (3P) by charge 
recombination. In carotenoid containing reaction centers, the dominant decay pathway of 3P is to transfer 
the triplet energy to the bound carotenoid32–34.  
 
Figure 4.10. Transient absorption spectra for the quinone extracted intact reaction center and the quinone extracted 
LM dimer. This is a contour plot showing the difference absorbance (values indicated by color bar to the right). 
 
Global analysis reveals three kinetic components with lifetimes of 12 ns, 22 ns and 1.4 μs for intact reaction 
center and 12 ns, 23 ns and 1.4 μs for the LM dimer. The 12-ns EADS (Figure 4.11a and 4.11b) resembles 
that of P+HA
– observed in the ps transient measurement and the 12 ns time constant presumably represents 
the decay of that state. The spectral profile and the associated lifetime are in good agreement with previous 
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studies35–38. The kinetics at 545 nm and 865 nm, due to the recovery of HA
– and P+, respectively, are 
essentially identical in both intact and LM dimer reaction centers (Figure 4.11c and 4.11d, respectively). 
After decay of the 12 ns component, 30–40% of the P band bleaching at 865 nm remains.  
 
 
Figure 4.11.  EADS for quinone extracted reaction centers of (a) intact complexes and (b) LM dimer, resulting from 
global analysis of transient absorbance change spectra recorded on s time scale. Comparison of the kinetics of decay 
of the state P+HA- for quinone extracted intact and LM dimer reaction centers (c) at 545 nm measuring the 
disappearance of the ground state bleaching of HA and arise of carotenoid triplet state , (d) at 865 nm measuring the 
disappearance of the ground state bleaching of P. 
 
Previous studies have reported that P+HA
– recombines to form the triplet state, 3P, after spin dephasing in 
the P+HA
– state.  This dephasing process requires nanoseconds to take place and thus a noticeable amount 
of 3P can only be observed when forward electron transfer from HA is blocked by removal or reduction of 
QA
24,39. The 22-ns/ 23-ns EADS is consistent with the expected spectra and kinetics of triplet P.  There is a 
dominant bleaching band at 865 nm, but the spectral characteristics of P+HA
–, such as the positive and 
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negative bands at 790 and 810 nm, the bleaching at 545 nm, and the absorbance increase 665 nm, are largely 
diminished.  The spectral comparison of the 12-ns and 24-ns EADS normalized at the P-band at 865 nm 
reveals that less than 30% of the P+HA
– state remains in the 22-ns/ 23-ns EADS (Figure 4.12). Given the 
depletion of ground state P, the lack of P+HA
– spectral signature and the long live time P-triplet state (3P) is 
assigned to this component.  In the absence of carotenoid, 3P has a life time of 10 μs at room temperature40. 
As a photoprotection mechanism, the carotenoid quenches the triplet energy of P to prevent it from reacting 
with singlet oxygen39. The 1.4 µs EADS (blue) shows a bleaching between 420 – 490 nm and emergence 
of a narrow absorption band at 545 nm, indicative of the formation of carotenoid excited state, likely 
resulting from triplet-triplet energy transfer from 3P to Carotenoid via BA
33.  
It should be noted that the EADS with time constants of 12- and 23-ns were obtained from global analysis 
based on an irreversible sequential reaction model, and therefore do not necessarily represent pure 
kinetically resolved states. A lower limit of the time constants of the actual microscopic reactions was 
estimated assuming that the 23-ns EADS is dominated by the 3P state. Taking the P-band bleaching in the 
23-ns EADS as the maximum yield of 3P formed, it is calculated that  electron transfer =obs/electron transfer, where 
electron transfer is the relative population undergoing an individual reaction path, obs is the observed time 
constant associated with the EADS obtained in the fit. This analysis yields a time constant of 19 ns for 
P+HA
– recombination, both in the intact  reaction center and the LM dimer, which has previously been 
determined to be 15-20 ns41–49 in the intact reaction center. On the other hand, multi-exponential kinetic 
fitting of the carotenoid triplet peak at 545 nm resulted in a rise-time of 26 ns (LM dimer) and 25 ns (intact 
reaction center) and decay of 1.3 μs (both LM dimer and intact reaction center), representing the formation 
and decay of the carotenoid triplet state, respectively. These values agree well with the reported value of 
27 ns for triplet carotenoid (3Car) formation50. A 4-μs time constant was reported previously for the decay 
of the triplet carotenoid in reaction centers isolated from Rb. sphaeroides strain 2.4.1 when measured 
anaerobicly51, almost 3 times longer than our value. This discrepancy is likely due to the oxygen presented 
in our samples, which is known to accelerate carotenoid triplet decay52. The key feature of the above 
analysis is that 1[P+HA
–] → 1P and 3[P+HA
–] → 3P → 3Car kinetics in intact reaction centers and the LM 
dimer is essentially the same. 
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Figure 4.12. EADS comparison between the quinone extracted intact reaction center and the quinone extracted LM 
dimer. Panel a compares the 12-ns EADS with the 22-ns EADS for the intact reaction center, the 22-ns EADS is 
normalized to match the 865 nm peak of the 12-ns EADS. Similarly, Panel b compares the 12-ns EADS with the 22-
ns EADS for the LM dimer. Panel c compares the 12-ns EADS of the intact reaction center and the LM dimer. Panel 
d compared the 22-ns EADS of the intact reaction center and the 23-ns EADS of the LM dimer. 
4.3.8 Kinetics Model 
All time constants determined in this study for electron transfer reactions in the LM dimer and the intact 
reaction center are summarized in Table I. The time constants for the forward electron transfer P* → P+HA
–, 
P+HA
– → P+QA
– and the 3P → 3Car triplet energy transfer were obtained directly from the global analysis 
since these processes are associated with well-defined spectral features. The time constants for P+HA
– 
recombination, and P+HA
– → 3P are estimated based on their relative yields and their combined rate from 
global analysis, as described above. The P+QA
– recombination was measured directly at 430 nm using 
millisecond flash induced spectroscopy (Figure 4.4). Figure 4.13 presents a kinetic scheme incorporating 
the information from Table 2.2.  This is based on a simplified version of a scheme previously presented in 
deWinter et al33 and Laibel et al39.    
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Figure 4.13. Schematics of photochemical reaction pathways and time constants (at 298K) for the intact reaction 
centers (black numbers) and the LM dimer (red numbers) with QA present (a), and in the absence of QA (b). Triplet P 
formation and triplet energy transfer to carotenoid are only observed when QA is removed. *Time constant for direct 
3P decay via intersystem conversion without carotenoid was taken from ref 24. 
 
 
 
 P*→P+HA– P+HA–→P+QA– P+HA–→PHA P+QA–→PQA P+HA–→3P 3P→3Car 
Intact RC 3.2 ps 210 ps 19 ns 100 ms 29 ns 25 ns 
LM dimer 3.4 ps 860 ps 19 ns 360 ms 30 ns 26 ns 
Table 4.2.  Comparison of electron transfers kinetics at 298 K between the LM dimer and the intact reaction center. 
4.3.9 Kinetics Changes in the LM Dimer  
Both forward and backward electron transfer kinetics between P and HA are very similar in intact and LM 
dimer reaction centers. This implies the extraction of the H subunit from the reaction center protein only 
has a minor influence on the arrangement of cofactors. However, the P+HA
– spectra on both ps and ns time 
scales show a broadening of the QX band of P and a blue shift of the QY band of P, suggesting some changes 
in the local environment. Note that the blue shift of the QY band of P is more obvious in the quinone 
extracted LM dimer reaction centers, likely due to a further perturbation of the protein matrix during 
quinone extraction. To determine whether these absorption spectral changes reflect a variation in the 
orientation of the cofactors, the linear dichroism of transitions associated with the P+HA
- state has been 
measured.  
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The average angle between the QX transition of HA and the QY transition of P, following the protocol of 
Kirmaier53 and Vermeglio54, was calculated to be 52.5 and 53.5 degree in the quinone extracted intact 
reaction center and the quinone extracted LM dimer, respectively (Figure 4.14 and 4.15). The similarity of 
these angles suggests, though indirectly, that any change in the orientation of HA with respect to P caused 
by removal of H subunit is not significant enough to explain the observed change in absorption for P.  
Therefore, the spectral broadening and blue shift of the P band in the QX and QY transitions, respectively, 
are more likely induced by environmental changes around P.  
From the fact that the HA
– → QA electron transfer and P
+QA
– charge recombination are both significantly 
slower in the LM dimer than those in intact reaction centers, it appears that only electron transfer reactions 
involving QA are affected in the absence of the H subunit. One possible explanation is that upon removal 
of the H subunit, the quinone in the QA pocket adopts one or more alternate conformations.  This has been 
addressed in a separate study using pulsed electron paramagnetic resonance 8. The experimental results 
imply that the hydrogen bonds around QA
– are significantly weakened in the LM dimer relative to intact 
reaction centers. However, data from the same study shows the midpoint potential for QA/QA
– in the LM 
dimer doesn’t change significantly, suggesting the degree of weakening in binding of the fully oxidized QA 
in the LM dimer is similar to that for the semiquinone QA
–.  
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Figure 4.14.  Time resolved difference spectra for (a) quinone extracted intact reaction center and (b) LM dimer 
recorded 3 ns after the excitation, with polarization parallel (black) and perpendicular (red) relative to the polarization 
of the excitation at 860 nm. Calculated absorption changes observed parallel or perpendicular to the direction of the 
excitation, for intact reaction center (c) and LM dimer (d). The calculated spectra with formulas previously reported54 
are easier to interpret. The magnitude of peaks in parallel spectra are directly proportional to cos2α, while that in 
perpendicular spectra are proportional to sin2α, with α being the angle between the dipolar transition of the peak of 
interest and QY transition of P. As expected, in panel c and d the QX transition of P is essentially perpendicular to its 
own QY transition. Detailed comparison of angle between QX transition of HA and QY transition of P are shown in 
Figure 4.15. 
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Figure 4.15.  Calculated angles between QX transition of HA and QY transition of P using time resolved spectra at 
various delay times (from 0.2 ns to 6.7 ns). For this analysis, spectra from 500 nm to 570 nm are corrected using a 
linear baseline between 500 nm and 570 nm. Absorption changes observed parallel or perpendicular to the direction 
of the QY transition of P are calculated with equations described previously54. By taking the ratio of peak intensities 
between the calculated perpendicular and calculated parallel spectra, tan2α is obtained.  Six different wavelengths 
around the peak maximum (540 nm, 541.2 nm, 542.4 nm, 543.6 nm, 544.7 nm, 545.9 nm) are used to estimate the 
statistical error of this analysis (shown as the error bars). The protein in a micelle is sufficiently large so that the 
rotational correlation time is long enough (~50 ns based on the Perrin equation) for this polarization based 
measurement. 
 
Both driving force and reorganization energy play a major role in determining the kinetics of electron 
transfer. When the H subunit is extracted from the reaction center protein, a large portion of the protein 
surface that is normally buried becomes exposed to the surrounding aqueous environment. The increased 
protein-water interaction can affect the activation barrier of the reaction through dynamic restriction of the 
configurational space sampled by the protein–water solvent on the hundreds of picosecond to nanosecond 
reaction time-scale55. Proteins as dynamic media thus allow dynamic tuning of the reaction rates, in contrast 
to the commonly assumed thermodynamic tuning achieved by adjusting the reaction free energy (redox 
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potentials) alone. These ideas have been applied to the electron transfer between HA and QA cofactors 
previously for the mutant M214LG to explain an observed decrease in transfer rate and increased reaction 
heterogeneity22,54,55. In this regard, it is interesting that the electron transfer rate constant for HA
– to QA 
transfer in a related reaction center from Chloroflexus aurantiacus, which has no H subunit naturally and 
has a large exposed protein surface around the quinone pocket as the LM dimer,  has been reported to be 
330 ps56.   
4.4 Conclusions 
This study compares the electron transfer kinetics for the LM dimer of Rb. sphaeroides strain SMpHis with 
those of the intact reaction center containing all three (L, M and H) subunits. A comprehensive picture of 
the electron transfer reactions in the LM dimer is presented, together with the associated spectral evolution. 
The results indicate that, while the rates of initial charge separation and charge recombination of P+HA
– 
remain essentially the same upon removal of the H subunit, the rates of forward electron transfer from HA
– 
to QA and charge recombination of P
+QA
– are reduced by a factor of four (Figure 4.16). Though some 
broadening and shifting of transitions associated with P are observed, there is no significant difference in 
the angle between the QX transition of HA and QY transition of P in the LM dimer compared to the intact 
reaction center. These results suggest that in terms of electron transfer functionality, the primary effects of 
H-subunit removal involve changes in interactions between the quinone in the QA pocket and the 
surrounding protein.  Recently theoretical treatments of the role of the protein environment on the HA to QA 
electron transfer reaction have shown that the available reorganization energy depends strongly on the rate 
of the reaction, due to the fact that the nature of the vibrational motions that are able to couple with the 
reaction are dependent on the time scale of the reaction54,55. This is consistent with the current findings: 
removing the H-subunit likely changes the dynamics of the interactions between QA and the surrounding 
protein bath which in turn alters the reorganizational energy and thus the rates of the reactions involving 
the quinone. 
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Figure 4.16. Differences in electron transfer kinetics between the LM dimer and the intact reaction center. 
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Chapter 5. Model of the semiquinone binding conformation in the high-
affinity site of cytochrome bo3 ubiquinol oxidase from pulsed EPR 
generated constraints3 
5.1 Introduction 
Cytochrome bo3 ubiquinol oxidase (cyt bo3) from Escherichia coli is a member of the heme-copper 
superfamily of enzymes, which includes the mitochondrial cyt c oxidase and most prokaryotic respiratory 
oxidases (oxygen reductases).1–4 Cyt bo3 located in the cytoplasmic membrane catalyzes the reduction of 
molecular oxygen to water using ubiquinol as the electron donor and also functions as a proton pump, 
conserving much of the energy available from the redox reaction as the proton motive force.5–7 Whereas 
most of the heme-Cu oxidases utilize cyt c as a substrate, cyt bo3 is in a subgroup that utilizes quinol as a 
substrate.2,3  Depending on the detergent utilized, cyt bo3 can be co-purified with or without ubiquinone-8 
(UQ8).
8 The enzyme purified using the detergent n-dodecyl β-D-maltoside (DDM) contains one equivalent 
of UQ8. This “tightly bound” quinone located at high-affinity QH site is not displaced from the protein even 
during catalytic turnover using the soluble substrate ubiquinol-1.9,10 Recent experiments from our lab 
suggests that the very tightly bound UQ8 in DDM solubilized bo3 is due to its poor solubility in this detergent. 
In contrast, in a phospholipid bilayer the UQ8 can exchange with the Q-pool as demonstrated by exchanging 
UQ8 in the isolated enzyme with UQ10 in a reconstituted proteoliposome. 
The QH site stabilizes the one-electron-reduced semiquinone (SQH) detected by EPR spectroscopy
11,12 as 
the result of the electron transfer process from the substrate ubiquinol to low-spin heme b.9,13–15  The 
structure of cyt bo3 published at 3.5 Å resolution doesn’t have quinone bound.
16 The location of the QH 
binding site in the protein was identified by examination of the structure and mutagenesis of the conserved 
residues. Residues R71, D75, H98, and Q101 from subunit I were proposed to interact with the bound UQ8 
at the QH site (Figure 5.1).
16,17 Many mutations elsewhere selected to test the formulated hypotheses about 
the location of the low-affinity site suggest there is only the one QH binding site in cyt bo3. Mutations in 
each of the four proposed QH site residues severely reduce the quinol oxidase activity
 and eliminate the 
semiquinone EPR signal except the D75H mutant. This mutant stabilizes a SQ radical with a midpoint 
potential similar to that of the wildtype (WT) enzyme.17 Hence, a protein environment stabilizing the SQ 
radical is necessary but not sufficient for its proper function. A precise spatial arrangement of the SQ and 
                                                             
3 This chapter is modified from a manuscript prepared with Sergei Dikanov and Robert Gennis. 
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the surrounding residues at the QH site is crucial for the efficient electron transfer process. The interactions 
of the SQH with the protein environment were extensively studied using X-band 1D and 2D ESEEM 
(reviewed in18). 
 
Figure 5.1. The previous model of ubisemiquinone at the QH site of cyt bo3. The strong H-bonds are shown as dashed 
lines, and the weak one is shown as a dotted line. Indicated strength of interactions with different residues was 
determined from pulsed EPR experiments19,20. This figure was generated according to the model based on the x-ray 
structure of Abramson16. 
 
Auxotroph strains were developed to perform selective 15N labeling of different nitrogens in Arg, His and 
Gln residues in the cyt bo3 protein. 2D ESEEM studies have identified Nε of R71 in cyt bo3 as the H-bond 
donor carrying the most unpaired spin density transferred from the SQH.
19 In addition, significantly weaker 
hfi couplings with the side-chain and peptide nitrogens from R71, H98, and Q101 were resolved, thus 
providing a full view of the spin density transfer from the SQH to the nearest residues.
20 These data are 
supported by the ~11 MHz isotropic hyperfine coupling with the 5’-methyl substituent protons (about twice 
the value for the SQ in alcohol solutions), indicating significant asymmetry in the distribution of the 
unpaired spin density.21 
Furthermore, two strongly coupled exchangeable protons with anisotropic components of the hyperfine 
tensor of 6.3 and 4.2 MHz were found using X-band 2D ESEEM in conjunction with deuteration of the 
solvent.21 The 6.3 MHz anisotropic coupling is equal to the value reported for the monoprotonated 
benzosemiquinone radical generated in frozen alcohol.22 This anisotropic coupling, along with the isotropic 
coupling of the methyl protons, are consistent with the SQ in the QH site of cyt bo3 being a neutral radical.
21 
However, the semiquinone protonation state, as well as the general hydrogen bond network, remain 
speculative due to the inability to determine the directions of the principal axes for the hfi tensors from 
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powder-type 2D ESEEM spectra. As a result, the orientation of H-bonds and the corresponding donor for 
each particular proton remain questionable that precludes from the construction of the precise model of the 
SQ state in the QH site.  
In this work, we present a pulsed Q-band 1H pulsed ENDOR (electron nuclear double resonance) study on 
fully deuterated cyt bo3 in an H2O solvent to characterize the hyperfine tensors of the exchangeable protons. 
Previously this approach has been successfully applied for characterization of the hydrogen bond network 
around SQA and SQB in bacterial reaction centers.
23,24 The full deuteration of the enzyme and quinone 
molecule limits the observed spectra to exchangeable protons only. At Q-band with a magnetic field (1.2 
Tesla), g-value anisotropy from frozen powder-type protein sample, which represents different orientations 
of the SQH with respect to the external magnetic field, is sufficiently resolved.
23–25 The principal values of 
the 1H hfi tensors and their orientations relative to the SQH g-tensor reference frame for two exchangeable 
protons are obtained by the simulations to the orientation selective Q-band 1H ENDOR spectra recorded at 
different points of EPR spectrum. 1H tensors obtained in these measurements, were combined with all other 
EPR parameters referenced above and used them as constraints to model the SQH spatial conformation 
within the cyt bo3 and its electronic structure using molecular dynamics (MD) and density functional theory 
(DFT) calculations.  
5.2 Materials and Methods 
5.2.1 Materials 
Sample Preparation –  WT bo3 oxidase was overexpressed by IPTG induction in E. coli strain C43(DE3) 
transformed with plasmid pETcyo. Details about these procedures have been previously described.26 Full 
deuteration of this enzyme was achieved by growing the bacteria in deuterated water with uniformly 
deuterated glucose as the sole carbon source. To ensure proper growth, cells were inoculated stepwise into 
the minimal medium with 80%, 90%, and finally 100% deuterated water. This complex was purified with 
a NTA-Ni affinity column after solubilizing the isolated membrane fraction in 1% DDM (Dodecyl β-D-
Maltoside). After eluting the column, five successive buffer exchanges with 100-kD Amicon Ultra-0.5 mL 
(EMD Millipore) were carried out to change the buffer to 50 mM potassium phosphate pH 8.3, 10 mM 
EDTA, 5% glycerol and ~0.05% DDM. The bo3 oxidase was finally concentrated to about 500 μM. Then 
10 mM sodium ascorbate was added from a freshly prepared 1 M stock. The sample was transferred to a 
Q-band EPR tube topped with argon, which was further incubated on ice for 3 hours for the semiquinone 
signal to develop. The tube was then frozen in liquid nitrogen and stored at the same temperature. 
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5.2.2 ESEEM and Davies ENDOR  
The instrumentation and pulse sequences for X-band 1-D 4-pulse ESEEM, HYSCORE, and Q-band pulsed 
Davies ENDOR have been previously described.21,24,27 All EPR measurements were performed at 60 K. 
Orientation-selective Davies ENDOR spectra were acquired in stochastic mode with a typical average of 
200 traces. 
5.2.3 Spectral Simulations  
Q-band 1H ENDOR simulations were performed in Matlab R2014b with EasySpin v5.0.9 
(http://www.easyspin.org). The principal values of each rhombic 1H hfi tensor [a+2T, a-T(1-δ), a-T(1+δ)] 
were defined using the isotropic constant a, anisotropic coupling T, and rhombicity parameter  (δ=0 for 
axial hfi tensor). The orientation of the hfi tensor with respect the g-tensor reference frame was described 
using the Euler angles  and see Figure 5.7) These angles are the series of rotations that bring the g-
tensor into the hfi tensor eigenframe. 
For orientation selective spectra, the effective excitation bandwidth at each field position can be estimated 
from the EPR broadening and the length of the microwave pulses. The EPR broadening was modeled using 
the EasySpin H-Strain parameter in simulations of the Q-band EPR spectrum (Figure 5.2). The pulse 
excitation bandwidth was approximated by multiplying the inverse of the initial microwave -pulse by two 
for Davies ENDOR. Additionally, the characteristic suppression of small couplings in Davies ENDOR was 
taken into account by multiplying the ENDOR simulations with an upside-down Lorentzian function with 
a width (full width at half-maximum) of 1/2tp = 2.1 MHz, where tp is the length of the first microwave -
pulse (240 ns).28 All other parameters were the same as those used in the experiments. 
The parameters to be optimized in the simulations included those describing the principal values and 
directions of the hfi tensors (a, T,  and ) and the ENDOR broadening linewidth (lwENDOR). 
Optimizations were carried out by a least-squares minimization using a Nelder-Mead style simplex 
method.29 Only data below 51.1 MHz and above 52.5 MHz were included in the least-squares fitting. The 
errors were estimated by deviating the parameters away from the optimized solution until the least-squares 
rose above a set threshold. This threshold was predetermined by visually inspecting at which point the 
simulations clearly did not reproduce the general features of the experimental data. 
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5.2.4 Geometrical Constraints 
Hyperfine couplings were translated into inter-atom distance constraints based on past DFT calculation, 
EPR characterization and corresponding crystal structures. Euler angles, on the other hand, were converted 
into angle/dihedral constraints directly with trigonometry. 
5.2.5 Molecular Dynamics 
In conjunction with the EPR experiments, equilibrium molecular dynamics simulations were conducted on 
a membrane-embedded model of ubiquinol oxidase with bound ubiquinone. The starting structure was 
obtained by using chains A-D from the ubiquinol oxidase structure 1FFT.16 The missing ubiquinone ligand 
was placed roughly in the middle of the high affinity pocket. After adding in missing sidechains and protons 
using the VMD30 plugin PSFGEN, the resulting structure was embedded into a mixed bilayer composition 
(2:1:1:1 ratio of PMPE:PYPE:POPE:PMPG) using CHARMM-GUI,31,32 a composition that approximately 
reflects the dominant lipid species in E. coli membranes.33 The bilayer and inserted protein was solvated 
using the explicit TIP3 water model,34 and was ionized to a 150 mM concentration of NaCl using the 
AUTOIONIZE plugin of VMD.30 The final size of the system was 111x111x129 Å. The CHARMM36 
force field provided the classical force field parameters for the lipid,35 protein,36 protein heme, and ionic37 
components of the system. Parameters for ubiquinone were obtained from a previous parameterization 
study.38 Due to the functionalization of one of the heme groups and a copper-containing complex, additional 
topological components derived by analogy to existing parameters that describe the interactions within the 
protein were also included. 
In addition to the Hamiltonian formed by the classical force field, additional terms were added such that 
the sampled configurations are consistent with the EPR experiments, as the original crystal structure lacks 
a quinone ligand. The restraint potentials are composed of half-harmonic potential terms applied to specific 
bonds and angles within the system. For the strong hydrogen bonds determined between O1 of ubiquinone 
and Nε of R71 as well as protonated D75, the distance between the hydrogen atom of the donor and the 
oxygen of the acceptor is constrained to lie between 1.2 and 2.1 Å using a 1000 kcal/mol ⋅ Å2 force constant. 
The linearity of the hydrogen bond is maintained by applying a 1 kcal/mol ⋅ degree2 force constant if the 
hydrogen is more than 30 degrees away from the line between the donor and acceptor heavy atoms. Weak 
hydrogen bonds between O4 of ubiquinone and H98 and Q101 are constrained only by bonds between the 
donor and acceptor heavy atoms: 1.5-4.0 Å for H98 (protonated Nε) hydrogen bond, and 2.2-4.0 Å for Q101 
hydrogen bond. In addition, the angle formed by the hydrogen of the donor with O1 and C1 of ubiquinone 
is also constrained using a 1 kcal/mol ⋅ degree2 force constant to a certain range determined by EPR 
simulations carried out here. 
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With this setup, NAMD 2.1039 was used to conduct the simulations, with 25 ns of constrained equilibration, 
during which protein heavy atoms away from the binding site were harmonically restrained with a 1 
kcal/mol ⋅ Å2 force constant to their initial position. From this equilibrated starting point, two parallel 
simulations were conducted: (1) an additional 40 ns of constrained production simulation and (2) an 
additional 95 ns of production simulation where the half-harmonic constraints were released. All 
simulations were performed in a NPT ensemble, using a Langevin thermostat with a damping coefficient 
of 1/ps to maintain the temperature at 310 K and a Nose-Hoover Langevin piston barostat40 with period and 
decay times of 200 fs to maintain the pressure at 1 atm. The barostat acted in a semi-isotropic manner, 
where dimensions of the periodic cell were held in constant ratio in the membrane plane. The particle mesh 
ewald method41,42 with 1.2 Å grid spacing was used to account for long-range electrostatic contributions 
during each of the 2 fs timesteps. 
5.2.6 DFT Calculations 
The DFT calculations were performed using the B3LYP functional and the EPR-II basis set employing 
procedures previously described.20 All calculations were carried out using the Gaussian 09 electronic 
structure program.43 
5.3 Results and Discussion 
5.3.1 Q-band EPR spectra.   
A multifrequency CW EPR study of the SQH in cyt bo3 was previously performed at X (~9.5 GHz), Q (~34 
GHz) and W (~94 GHz)–bands. High-frequency Q- and W-band spectra resolve g-tensor anisotropy of the 
SQH. Numerical simulations of W-band spectrum indicate a slightly rhombic g tensor with principal values 
gx =2.00593, gy=2.00543, gz= 2.00220, giso=2.00452 (error ±0.00005).
44   
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Figure 5.2 Q-band CW EPR (red) and field-swept two-pulse ESE (blue) spectra of the SQH in fully deuterated cyt bo3 
in an H2O solvent in derivative mode. Experimental traces were smoothed with a 2nd order Savitzky-Golay filter45 
over an 11 point window (no significant reduction in spectral resolution was observed after applying the filter). The 
simulated CW EPR (dashed black) spectrum with the optimized parameters (see text) is shown along with the 
experimental data. The yellow dots represent magnetic field positions selected for Q-band pulsed Davies ENDOR 
experiment. 
 
Q-band CW EPR and two-pulse field-swept ESE spectra of the SQH in fully deuterated cyt bo3 in an H2O 
solvent are shown in derivative mode in Figure 5.2. The overall lineshape of these spectra is predominantly 
axial with well-separated gx,y() and gz(||) components. In addition, the gz component of the spectra possesses 
a well-pronounced splitting produced by an exchangeable proton(s). Two-pulse ESE relaxation rates were 
found to change with field position, so the CW spectrum was used for simulations. Least-square fitting 
yields the following parameters for the g and H-Strain values: g = [2.00593 2.00543 2.00228], H-Strain = 
[11.7 14.8 7.8] (MHz). The simulated g-tensor components obtained here are nearly identical to the values 
reported previously.44  The splitting at gz was found to be reproduced when the hfi tensor of the hydrogen 
bond proton with largest components A(1H) = [-6.6 -5.3 11.7] (MHz) (see Table 5.1) was included in the 
simulations. The simulated spectrum with the optimized parameters is shown along with the experimental 
data in Figure 5.2.  
5.3.2 X-band HYSCORE.  
The low-frequency region of the HYSCORE spectrum (Figure 5.3) of SQH in deuterated cyt bo3 is 
dominated by a deuterium matrix peak Dwc, which comes from weakly coupled nonexchangeable 
2H nuclei 
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of the quinone substituents and amino acid residues. Cross-peaks 1D, located symmetrically on the anti-
diagonal relative to the deuterium matrix line, identify strongly coupled deuterium nuclei interacting with 
the electron spin of the SQH. Coordinates of the peak maximum (3.5, 5.0) MHz define a hyperfine coupling 
~1.56 MHz for 2H, corresponding to a 10.16 MHz coupling scaled for 1H. This value is consistent with the 
coupling ~10-11 MHz assigned previously to the 5’-methyl protons based on the HYSCORE and ENDOR 
spectra of nonexchnageable protons interacting with the SQH spin.
21,44                          
In addition to the deuterium lines, the HYSCORE spectrum contains cross peaks 1N with coordinates (5.1, 
3.3) MHz previously observed for SQH in non-deuterated cyt bo3 and assigned to the N of R71.
19 These 
intensive cross-peaks correlate (double-quantum) nuclear transitions of the highest frequency of the 14N 
from opposite electron spin manifolds. This nitrogen is involved in the H-bond with the SQH and possesses 
largest hyperfine coupling A14N~1.8 MHz resulted from the delocalization of unpaired spin density from 
the SQH onto the s-orbital of the N.  
 
                                           
Figure 5.3. Contour X-band HYSCORE spectrum of deuterated SQH in deuterated bo3 oxidase in an H2O solvent. 
Experimental parameters: the time τ between the first and second pulses is 360 ns, magnetic field 343.8 mT, microwave 
frequency 9.634 GHz, and temperature 60 K. 
 
On the other hand, the appearance of deep 2H ESEEM in the fully deuterated sample producing intensive 
peaks in 2D spectrum leads to cross-suppression of more weak 14N cross-features and extended cross-ridges 
of low intensity from exchangeable protons in the HYSCORE spectra.          
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 Four-pulse ESEEM provides an alternative way to detect the exchangeable protons through observation of 
sum combination peaks.46  The 1H sum combination spectrum of the SQH in deuterated cyt bo3 in 
1H2O 
buffer contains three well resolved lines in the region of double Zeeman frequency 21H as shown in Figure 
5.4. In comparison with the previously reported spectrum of SQH in fully protonated background, the 
intensity of the proton matrix peak 2ν1H is greatly diminished and is now comparable in intensity with two 
other peaks shifted from 2ν1H to higher frequencies by ~0.7 and ~1.4 MHz.  The shifts of these lines assigned 
to strongly coupled exchangeable protons is the same as in protonated cyt bo3 and correspond to the 
anisotropic hyperfine couplings ~6.0 and ~4.2 MHz.47 Thus, 1D and 2D ESEEM spectra of the SQH in 
deuterated cyt bo3 with deuterated quinone in protonated buffer indicate that the hydrogen bonding network 
around SQH is not significantly perturbed by the deuteration of the protein and quinone molecule. 
 
Figure 5.4.  Four-pulse X-band ESEEM spectrum of deuterated SQH in deuterated bo3 in an H2O solvent. Experimental 
parameters: the time τ between the first and second pulses is 104 ns, magnetic field 343.8 mT, microwave frequency 
9.634 GHz, and temperature 60 K. 
 
5.3.3 Q-band ENDOR  
Orientation selective pulsed Davies 1H ENDOR measurements of the SQH were performed at thirteen 
evenly spaced points in steps of 0.2 mT on the field-swept ESE spectrum (Figure 5.2). Accumulated 
ENDOR spectra in absorption and derivative presentation are shown in Figures 4 and 5. The sample consists 
of fully deuterated protein and quinone in an H2O buffer, so only exchangeable protons contribute to the 
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observed spectra. The experimental ENDOR traces exhibit various features of high and low intensity that 
are resolved from the central 51.72-51.85 MHz 1H matrix region (Figure 5.5).  
Previous analysis of the X-band HYSCORE spectra of the SQH in cyt bo3 reported three sets of cross-ridges 
from exchangeable protons H1-H3 with principal values of the hyperfine tensors in an axial approximation 
A = a - T: -7.0, -5.4, 6.3 MHz and A|| = a + 2T: 11.9, 7.2, 1.2 MHz, respectively (signs are relative).
21 In 
agreement with these results, the ENDOR spectra at the gz edge of the EPR spectrum (traces B10-B13) 
shows a feature of low intensity with the splitting ~11.5 MHz. The splitting and lineshape allows us to 
assign this feature to the proton H1 with the largest A|| principal value and conclude that the A|| principal 
axis for this proton is closely collinear with the gz principal axis. This A|| feature resembles a “single-crystal-
like-shape” in trace B10. There are also two pairs of intensive features with resolved maxima of A< 6 MHz 
at the gz edge. Those two pairs of lines with the splittings 4.1 and 2.7 MHz possess the best resolution and 
symmetrical lineshape in trace B10.  The ENDOR spectra recorded at other parts of the EPR spectrum 
exhibit more complex shape and poorer peak resolution, though up to three maxima are clearly seen in 
traces B4-B8. The width of this central pattern resulting from the overlap of the most intensive areas around 
the A features from different protons is increased up to ~9 MHz at gx,y side of the EPR spectrum that 
prevents an identification of any other remaining A‖ lines. The peaks with the splitting 2.3 MHz at the gz 
edge are present in all spectra except for at the gx,y  edge where it is 1.6 MHz. 
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Figure 5.5. Absorption mode of orientation selective Q-band Davies 1H ENDOR spectra of the SQH in fully deuterated 
cyt bo3 in an H2O solvent. Davies ENDOR pulse sequence is (π− t−π/2−τ−π−τ−echo). Traces were taken at 13 field 
positions from 1215.0 mT (trace B1, gX/Y) to 1217.4 mT (trace B13, gZ) in steps of 0.2 mT. Experimental parameters: 
π/2-pulse length = 120 ns, time τ between first and second pulses of the two-pulse echo sequence is 600 ns, RF π-
pulse length = 16 μs, time t = 17 μs, microwave frequency 34.090 GHz, and temperature 60 K. 
 
 
For the simulation of the orientation selective ENDOR spectra we used their presentation in first derivative 
mode (Figure 5.6), because it resolves better minor variations of the broad features in the traces B1-B9. 
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Figure 5.6 First derivative of Q-band 1H Davies ENDOR spectra of SQH in fully deuterated cyt bo3 with an H2O 
solvent from Figure 5.5 (black). The experimental data is overlaid by the simulations in red.  
 
 
The axial coupling constants a and T determined previously for three exchangeable protons from X-band 
HYSCORE measurements21 were used as initial parameters in the Q-band ENDOR spectral simulations. 
The inclusion of rhombicity ( ≠ 0) into all three hfi tensors was found to be necessary to reproduce the 
experimental line shapes. For protons H1 and H2, approximately axial tensors characteristic of hydrogen 
bonds fit the ENDOR traces well. On the other hand, a single H3 with previous determined parameters was 
insufficient to reproduce the weakly hyperfined ENDOR region (50 MHz to 54 MHz). We believe that the 
ridge previously thought to be solely produced by (assigned to) H3 actually was contributed by more than 
one protons with T less than 2.9 MHz. Indeed, simulations with two protons possessing different anisotrpic 
couplings (H3 and H4) can yield a satisfactory fit to the experimental data in the region around 1H Zeeman 
frequency. The final ENDOR simulations are shown in red overlaying the experimental traces in Figure 
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5.6, with the simulation parameters reported in Table 5.1, among which the hfi coupling parameters agree 
well with previous report. Most importantly, the Euler angles of these protons are also determined which 
are crucial to locate the protons with respect to the SQH radical (Figure 5.7).  
 
1H TX’ TY’ TZ’ a  T  δ Euler Angles ([α, β, γ]) 
H1 -6.73 -4.93 11.67 0.03 5.84 -0.15 [0±30°, 19±7°, 0±180°] 
H2 -4.6 -4.0 8.6 -0.4 4.3 -0.07 [55±25°, 70±10°, 90±30°] 
H3 -1.4 -1.0 2.4 1.4 1.2 -0.17 [20°±40°,60°±15°,0°±180°] 
H4 -0.37 -1.27 1.63 -0.93 0.82 0.55 [0°±180°,55°±15°,60°±15°] 
Table 5.1. Optimized simulation parameters for Q band Davies ENDOR spectra. 
a TX’, TY’, TZ’, aiso , T  are in MHz, α, β, γ are in degrees,  
 
 
Figure 5.7.  Main conclusion from EPR simulations: both hydrogen bonds to the O1 carbonyl of semiquinone in the 
bo3 oxidase are considerably out of the plane of the quinone. The O1 – H1 which possesses the biggest anisotropic 
coupling constant is almost perpendicular to the quinone plane, while the O1 – H2 is about 30o above the quinone 
plane. The axes for the g-tensor of semiquinone are shown for clarity. The red transparent sphere is centered at O1 
with a radius of 2 Å. 
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5.3.4 Orientation of the H-bonds.  
With the higher resolution of the hfi tensors of H-bond protons afforded by the full deuteration of the protein 
and orientation-selective Q-band ENDOR, we are now able to consider their assignments. We will focus 
on the protons H1 and H2 possessing largest anisotropic couplings. Previous FTIR and detailed 15N 
HYSCORE20 studies allowed to suggest that two strongly coupled protons belongs to H-bonds between 
carbonyl O1 and donor atoms of D75 and R71. 
The principal values and principal directions of hfi tensor provide insight into the locations of the hydrogen 
bonded protons. Specifically, the Euler angles α  and β in Table 5.1 describe the in-plane and out-of-plane 
orientation of the TZ’(||) axis with respect to the SQH g-tensor reference frame (see Figure 5.7 for a pictorial 
representation of the Euler angles). In contrast to α and β, the Euler angle γ describes the directions of the 
perpendicular components of the hfi tensor (a − T(1 − δ) and a − T(1 + δ)), and because of the very low 
values of δ found for the hydrogen bonding interactions, is not considered in this discussion. 
When TZ’(||) is assumed to lie along the O···H direction, α and β provide a direct means of H-bond direction 
locating the proton with respect to the carbonyl oxygen. This assumption about the 1H tensor orientation is 
valid to a good approximation when the dominant contribution to the anisotropic hfi comes from the 
magnetic dipolar interaction between the unpaired π-electron spin density on the carbonyl oxygen and its 
H-bonded proton, and is confirmed by our DFT calculations for values up to T~5 MHz. DFT provides a 
more realistic model of the unpaired electron spin density distribution over the quinone molecule, resulting 
in a more accurate prediction of the anisotropic hfi tensors. Calculations on the optimized structure of SQA 
and SQB in bacterial RCs from Rb. sphaeroides were found to be in strong agreement with the ENDOR 
defined Euler angles.24  
Table 5.2 summarizes principal values and orientation of principal axes of the hfi tensors determined by 
the same Q-band ENDOR approach for the protons of H-bonds with carbonyl oxygens of anion-radical 
BQ-d4 in H2O,
25 the monoprotonated benzosemiquinone BQH•-d4 in 2-propanol (CH3)2CHOD,
22 and 
semiquinones of deuterated ubiquinone-10 in deuterated RCs from Rb. sphaeroides in H2O.
23,24 
Experiments performed with BQ
·-
-d4
 
in H2O (and alcohols) defining β ~ 90
o and α ~ -54o allowed the 
conclusions that the geometry of H-bonds is largely in plane with the quinone ring along the lone pair 
orbitals of the sp2 hybridized oxygen.25 The protons of H-bonds are characterized by almost purely 
anisotropic hfi couplings, with T ~ 3 MHz. These experimentally observed values are well supported by 
DFT calculations.25,48 A hyperfine coupling of T ~ 3 MHz is consistent for a proton participating in a planar 
hydrogen bond, forming an angle ±60o with a C=O bond and a hydrogen bond length ~1.8 Å.  
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Q-band ENDOR study the monoprotonated benzosemiquinone (BQH•-d4) produced by UV illumination of 
BQ dissolved in 2-propanol at cryogenic temperatures reported similar in plane orientation (β=90o) of the 
TZ’ axis orientation of the anisotropic hyperfine for the proton in covalent O-H bond.
22 This axis deviated 
equally (α=-56o) from the C=O bond in comparison with the similar axis for the H-bonded proton. DFT 
calculations performed on different structures of BQH• coordinated by four, three, or zero 2-propanol 
molecules have also found the O−H proton lying in the quinone plane and approximately along the direction 
of the lone pair orbital of the oxygen. The O−H bond length was found to be around 1.0 Å. The largest 
component of the anisotropic hfi tensor is parallel to the O−H direction (α=-43-50o) similarly like for the 
proton of the H-bonds. The DFT results show very good agreement with experimental anisotropic hfi 
components but predict larger absolute value of negative isotropic coupling (-8.0 MHz).22  
In contrast to the considered model systems the angle β characterizing the orientation of the largest 
component of the anisotropic hfi tensor varies within 50-73o (i.e. deviation from the quinone plane is 17-
40o) for the protons of the H-bonds with SQA and SQB in RCs from Rb, sphaeroides.
23,24 In proteins, one 
factor influencing the geometry of hydrogen bonds and proton hyperfine couplings is the structure of the 
quinone-processing site, particularly the location of suitable hydrogen-bond partners for the semiquinone 
oxygens. As a result, the hydrogen bonds are likely forced either above or below the ring plane. In addition, 
the components of the anisotropic hyperfine tensor are usually larger than the value of T~3 MHz for H-
bonded protons with water and alcohol that suggests the formation of the shorter H-bonds in proteins.18 
Albeit the deviation of the hydrogen bond from the quinone plane can influence the isotropic and anisotropic 
coupling of the hydrogen-bonded protons and should be verified by DFT calculations.49,50 
                
     System   TX’a  TY’  TZ’  aiso       αa,b   β   γ Ref. 
BQ·--d4
 in H2O -3.02 -3.0 6.02 0.34    -54 90±5    ‒  25 
BQH•-d4 in  
2-propanol 
(CH3)2CHOD 
-8.0 -4.7 12.7   
        
-6.2   -56  91   80±4   22 
SQA (Ala M260) 
SQA (His M219) 
-4.75  
-5.23 
-4.37 
-5.20 
9.12 
10.43  
-0.17 
-1.28 
  16±8 
-167±2     
 63±2 
50±2  
   ‒  23 
SQB (His L190) 
SQB (Gly L225) 
SQB (Ile L224) 
-4.95 
-3.52 
-3.0    
-4.05 
-2.88 
-3.0  
8.4 
6.4 
6.0 
-0.6 
-0.2 
-0.2 
  35±14 
 131±13 
-146±14  
73±4 
57±6 
64±7 
72±14 
0±22  
0±180  
         
 24 
Table 5.2. Principal values of hyperfine tensors and Euler angles defining the orientation of corresponding principal 
axes in the g-tensor frame of semiquinones determined by 1H Q-band ENDOR. 
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a TX’, TY’, TZ’, aiso are in MHz, α, β, γ are in degrees, bEuler angles reported in original  
publications were  converted to the same, most recent EasySpin version 5 standard. 
 
 
In the light of this discussion the hfi tensor H2 in cyt bo3 possesses characteristics typical for the H-bond 
protons between the SQ and protein residues, i.e. T ~ 4.3 MHz, small isotropic coupling, and out of plane 
deviation of the TZ’ principal axis (and O..H direction) about 25
o. The in-plane deviation of the H-bond 
from lone pair direction is about 30o though corresponding angle α is determined with accuracy significantly 
lower than angle β. In contrast to H2 components of the anisotropic hfi tensor H1 are closer to the tensor 
of the proton in the covalent O-H bond that in conjunction with large isotropic coupling for methyl protons 
allowed assigning these characteristics of the SQH to the monoprotonated, neutral radical.
21 However, the 
significant difference in the isotropic coupling with the value reported for BQH• and the orientation of the 
O…H bond in the direction almost normal to the quinone plane (β ~ 20o) require more deep modeling of 
the QH site in the SQ state. Available resolution of the X-ray structure of the QH site without bound quinone 
in any redox state is insufficient to provide details needed for structural optimization in DFT computations 
of the SQH electronic structure. Therefore, at the first stage of our theoretical analysis we have performed 
equilibrium molecular dynamics (MD) simulations on membrane-embedded model of cyt bo3 ubiquinol 
oxidase with bound ubiquinone. 
5.3.5 Molecular Dynamics. 
 It is known that the strongly hydrogen bonded protons H1 and H2 are on the O1 side of the SQH, however, 
there are two ways to assign these protons to corresponding amino acid residues.18,20 To account for both 
possibilities, parallel molecular dynamics runs are set up with proton H1 being assigned either to the β-
carboxyl of D75 or to the Nε of R71. By the end of the 50 ns-long molecular dynamics, 8 out of 10 runs 
appear to reach equilibrium judging from the RMSD value (Figure 5.8). To facilitate the evaluation of 
quinone binding conformation, frames from the trajectory are grouped into 4 clusters based on their 
structural similarity in the quinone binding pocket. The representative structures from each group are shown 
in Figure 5.9. It is clear that these structures are quite different from each other, suggesting the quinone 
binding conformation space has been sampled thoroughly during the molecular dynamics. Another 
evidence supporting this statement comes from the wide distribution of the relevant bond lengths and angles 
which collectively dictate the quinone binding geometry.  
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Figure 5.8. Whole protein C-α RMSD with respect to time for the 10 simulations performed. In each subplot, the 
highlighted RMSD for the labeled simulation is shown in black, with the distribution of the other trajectories shown 
in the background in gray for context. The solid dotted lines represent the 3.5 Å resolution of the original protein 
crystal. 
118 
 
 
Figure 5.9. Pictorial representation for the seed states at the center of the 4 most populous clusters, which are overlaid 
onto one another and represented by different colors. Cluster 1 is blue, 2 is orange, 3 is green, and 4 is red. Specific 
residues are also labeled, and no hydrogen atoms are shown to maximize clarity.  
 
To select candidate structures for further DFT calculations, relevant bond lengths, bond angles and dihedral 
angles of each frame are parsed using VMD (1.9.1). Three frames with all the parameters falling in the 
ranges determined by the EPR simulations are selected and shown in Figure 5.10. The sidechain of D75 
and R71 is always preferably located on opposite side (above or below) of the quinone plane, which is due 
to the significant out-of-plane energy constraints applied for their corresponding hydrogen bonded proton 
during the MD simulation. In contrast, the hydrogen bonds between H98/Q101 Nε and the O4 carbonyl are 
considerably longer and don’t exhibit a particular spatial pattern.  Some selected distances and angles are 
shown in Table 5.3. The non-planar quinone head group is due to the MD parameterization, which had done 
with FFtk earlier51 aiming to reproduce the correct interactions with water molecules during MD simulation. 
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This puckering of the quinone ring is typical in MD trajectories although the planar head group is more 
realistic. This issue is resolved in our further DFT calculations. 
                               
Figure 5.10. Three frames selected from molecular dynamics trajectory based on bond length, bond angle and 
dihedral angles between ubiquinone and the key residues (R71, D75, H98 and Q101) in the quinone binding pocket 
of bo3 oxidase. For simplicity, only the two strongly hydrogen bonded protons are shown in CPK model. 
 
  
Table 5.3 Certain distances and angles for the three selected frames of MD trajectory and DFT optimized Frame 171. 
aROH - length of H-bond between O1 and proton of D75 or R71, ROO - distance between O1 and H-bond donor O of 
D75, RNεO - distance between O1and H-bond donor N of R71, H98 and Q101, θ – Euler angle β above or below the 
quinone plane is defined in the same manner as in figure 6 
 bDFT optimized, 
 
 
Frame    D75 
ROH, Åa 
   R71  
ROH, Å 
  D75 
ROO, Å 
 R71  
RNεO, Å 
D75                θ 
(deg) 
R71                                
θ (deg) 
  H98
RNεO, Å 
 Q101 
RNεO, Å 
    12 2.10 2.06 2.98 3.01 103 (below) 25 (above) 3.48 3.85 
   171 1.93 2.01 2.87 2.94 20 (above) 136 (below) 3.66 3.37 
   445 1.83 2.09 2.77 3.00 58 (above) 166 (below) 3.84 3.07 
  171b  1.61 1.74 2.6 2.77 14 (above) 180 (below) 3.76 ND 
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Figure 5.11. Comparison between the Frame 171 from the MD trajectory and the corresponding optimized DFT 
structure in which quinone molecule movement is allowed. 
 
5.3.6 DFT calculations. 
Our models used for DFT calculations were generated using the three frames selected from MD trajectory 
with hydrogen bonds from the carboxylic acid OH group of D75  
and the NεH guanidium group of R71 to O1 and NεH of the imidazole group of H98 to O4. By comparing 
different models, the calculated values can provide valuable insight into 
understanding how the EPR data reflect structural differences between three different frames. 
The following two types of calculations were performed for each frame in Figure 7 with the SQ state of the 
quinone: (a) full geometry optimization of the cyt bo3 model with fixed SQ, (b) the same with allowed 
movement of quinone in site. Table 4 shows the calculated principal values of anisotropic hfi tensor and 
isotropic coupling for two hydrogen bonded protons from R71 and D75 residues. Comparison of the values 
for different frames indicates that calculated hyperfine tensors for both H-bonded protons consistent with 
experimentally determined H1 and H2 tensors for Frame 173 with moving quinone only. The largest 
calculated principal value 11.1 MHz for H-bonded proton of D75 and 8.3 MHz for the proton of R71 are 
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in a very good agreement with experimental 11.8 MHz (H1) and 8.6 MHz (H2), respectively. In addition, 
the calculated tensors possess low hfi tensor rhombicity δ=0.06 (D75) and 0.15(R71) comparable with 
estimated from spectral simulations δ=0.1 for H1 and H2. Model with moving quinone shows increased 
isotropic hfi coupling a=2.8 MHz for R71 N suggesting that optimized configuration in this case is more 
suitable for larger spin density transfer through H-bond bridge than the MD geometry with fixed quinone 
location with a = 0.9 MHz. Experimentally determined coupling has an intermediate value a = 1.7 MHz. 
For two other Frames the model with moving quinone leads to a decrease of the R71 Nisotropic coupling. 
Calculated hyperfine couplings can also be compared with previous experimental determinations of 1H (10-
11 MHz) and 13C (-6.1 MHz) isotropic hfi couplings for 5’-methyl group and 13C hfi couplings for C1 (-
0.15, -0.45, 1.1 mT, a = 0.17 mT (4.8 MHz)) and C4 (–0.25, -0.37, 0.72 mT, a = 0.033 mT (0.9 MHz)) 
carbonyl atoms in SQH. All these characteristic hyperfine couplings have been measured in several studies 
of SQs and indeed are the principal indicator that the spin density distribution in the SQH is highly 
asymmetric compared with practically symmetric distribution in the anion radical generated in water or 
alcohol solutions. Our calculations show significantly elevated 1H and 13C hfi couplings for methyl group 
of the SQH for all three frames comparable with experimentally determined values. Particularly, 
1H and 13C 
couplings are equal 12 MHz and -7.1 MHz for frame 171 that is in good agreement with the experimental 
values. Better agreement is observed for frame12, however, this model is far away in description of proton 
H1 and H2 tensors. 
On the other hand, there is one important inconsistency between the calculated and experimental parameters 
for the optimized model with allowed movement of quinone in site. In this model the H2 proton is 
significantly out of the quinone plane and located practically under the O1 atom, i.e. β=180o (Table 5.3). 
This angle is substantially smaller, β=136o, in the model with fixed quinone but for this geometry the 
components of anisotropic hfi tensor are 1.5-2 times smaller experimentally determined ones. This 
inconsistency reflects probably problems in optimization of relative orientation of extended R71 side-chain 
with the guanidine group containing N and two Nη as possible H-bond donors near isoprene tail of the SQH. 
The small values of anisotropic hfi couplings for protons H3 and H4 (~1 MHz) indicate weakly coupled 
exchangeable protons in the SQH environment. The calculations performed in our previous work
20 exploring 
idealized small models of the SQH–protein interactions with geometry optimization have shown couplings 
of this order for the protons of the Ns.  Segments of O-H directions defined by Euler angles uncertainties 
for these protons are consistent with the location of Nη H in the Frame 171 (Figure 5.11).  
122 
 
5.4 Conclusions 
Previous assignment of the SQH to the neutral radical is based on the observation of high anisotropic 
coupling 6.3 MHz for one of the H-bonded protons corresponding short distance for in plane configuration 
of O..H bond and isotropic coupling ~10 MHz for protons of 5’-methyl substituent which is two-fold larger 
than for the anion-radical with symmetrical hydrogen bonds. In this work orientation selective Q-band 
ENDOR spectra of exchangeable protons near the SQH allowed us to determine the orientation of the 
anisotropic hfi tensor for this proton (H1) in the g-tensor coordinate system. The principal axis of its largest 
component, coincident with high accuracy with the O-H1 direction, forms an angle β~20o with the normal 
to the quinone ring plane. This indicates ~70o out of plane deviation of the O-H1 bond. In contrast, deviation 
from the quinone plane for the second strongly coupled H-bonded proton with Tz’ = 8.6 MHz (H2) is ~25
o. 
The available X-ray structure of the QH site without bound quinone (resolution 3.5 Å) is insufficient for 
structural optimization in DFT computations of the hfi couplings between the SQH and H-bonded protons. 
Therefore our theoretical modelling has started from equilibrium molecular dynamics (MD) simulations on 
membrane-embedded model of cyt bo3 with bound ubiquinone. Three (several) MD frames with all of the 
structural parameters falling in the range determined by the EPR simulations were selected for further DFT 
modelling. Among them, the 1H hfi tensors for H1 and H2, 1H and 13C isotropic coupling for methyl protons 
of the SQH were in good agreement with the experimentally determined values only for one frame. Based 
on this simulations H1 and H2 were assigned to the protons of H-bonds between carbonyl O1 and D75 and 
R 71 N, respectively. O-H1 and O-H2 distances in DFT optimized structure of this Frame are equal to 1.61 
and 1.74 Å, respectively. These distances are within typical range of H-bonds of the anionic SQs with the 
donors in protein environment and significantly exceed the length of the covalent O-H bond. These results 
allows us to conclude that the SQH stabilized in the cyt bo3 is the anionic SQ. Unusual characteristics of H1 
proton are resulted from strong ~70o out of quinone’s plane H-bond deviation. In addition, significant 
asymmetry of spin density distribution in the SQH revealed by 
1H and 13C 5’-methyl couplings (together 
with the data about 13C hfi tensors for C1 and C4) is well reproduced in the computations based on this 
geometry.   
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